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Abstract 
Abstract 
The main aim of this research is to investigate a novel emulsification device and its application 
to the production of biodegradable particles for controlled release drug encapsulation. 
The emulsification method chosen was a non crossflow membrane technique. The membrane 
is a flat thin layer with very regular array of pores and it is treated to produce oil-in-water or 
water-in-oil emulsions. Initially, a range of tests were conducted in order to link the operating 
conditions with the droplet size and size distribution. For this part a simple system of sunflower 
oil in water was used. Applied shear, injection rate, pore size and pore distance all had an effect 
on the resulting droplets. Sometimes these factors are not independent from each other leading 
to different overall effects. A model based on the force balance was proposed. lt includes the 
Capillary force acting against the Drag Force and a novel Push-off force originated by the 
interaction of neighbouring droplets i~ the absence of coalescence. 
The knowledge of the system was then applied to particle production. There is the requirement 
of a production method for very uniform particles with a diameter ranging between 50 and 100 
(.Jm, to be used for subcutaneous (under the skin) administrations. The main benefit of making 
uniform particles is that it enables the engineering (i.e. mixing) of the monosized particles to 
give the required size distribution hence the required release pattern. The particles were 
produced by membrane emulsification followed by solvent evaporation. lt was of interest to 
encapsulate a water soluble drug, as it is more challenging to maintain high encapsulation 
efficiency in this case. Hence a double emulsification, W/ONV was performed. lt is shown that 
by changing the operating conditions it is possible to vary the size and size distribution, while by 
controlling the solvent evaporation rate it is possible to optimize the encapsulation efficiency. 
Particles of exactly 50 and 100 (.Jm in diameter were produced, with a best span of 0.29 and 
encapsulation efficiency as high as 100% when encapsulating a hydrophilic. 
The obtained particles were used to study the release of a model hydrophilic drug and the 
changes in size and size morphology were followed over time too. Previously, PLGA was 
believed to undergo bulk erosion due to hydrolysis once in body-like conditions. The data 
gathered regarding the changes in size suggests that together with bulk erosion, when a 
hydrophilic phase is present inside the particles, surface erosion takes place too. A model for 
the release has been proposed based on diffusion and considering the variation in size of the 
particles. 
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1 - Introduction 
1 Introduction 
The aim of this research is to produce encapsulated PLGA particles with a novel system and to 
characterize the drug release. 
A vibrant field in pharmaceutical and health care Industry is controlled release particle 
production. The improvements in drug administration due to this technique have been reviewed 
and analyzed by many studies. The main points are: 
it helps in maintaining therapeutic levels of drug; 
it reduces harmful side effects; 
it decreases the amount of the molecule required; 
it decreases the number of dosages; 
it facilitates the delivery of drugs with short in-vivo half-lives; 
polymeric encapsulation can protect the incorporated drug by the surrounding aqueous 
or aggressive environment; 
it increases patient compliance. 
As an example, protein administration by encapsulation is a valid alternative to traditional 
administration methods. The use of protein drugs is limited clinically because proteins have 
unique requirements, and limitations, compared with low molecular weight molecules. They 
have short plasma half-lives, are incapable of diffusing through biological membranes and are 
not stable in the gastrointestinal tract, which make oral bioavailability poor. Alternative 
administrations by frequent injections to keep the protein drug at effective concentrations are 
tedious, expensive and have poor patient compliance (Kang & Singh 2001 ). 
In order to obtain the desired drug release pattern many factors can be varied: formulation, 
processing parameters, average polymer molecular weight and composition, size of 
microparticles or releasing substrata. As underlined by Berkland et al., (2001), size and size 
distribution have important implications on controlled release. Spheres that are too small exhibit 
poor encapsulation efficiency, may migrate from the site of injection and may exhibit 
undesirable rapid release. On the other hand, spheres that are too large may not easily pass 
through a syringe needle, or not be suitable for certain administration types. To achieve a 
narrow size distribution has many positive effects: 
higher bioavailability of drug-loaded microcapsules in-vivo (only particles within a 
certain size range can be absorbed}; 
more precise control on drug release; 
smoother and more regular release profile; 
higher drug encapsulation efficiency; 
higher reproducibility; 
decrease side effects of the drug due to accumulated locations; 
1 
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less waste due to sieving or filtering out polydispersed productions. 
Due to the requirement of control on particle size, narrow size distribution and mild operating 
condition, Membrane Emulsification (ME) is a suitable production method. 
Between the various natural and synthetic polymer that are used to produce controlled release 
particles, poly(lactic-co-glycolic acid) (PLGA) was chosen in this research because of its 
availability and bio-compatibility and versatility. 
The research presented in this thesis can be divided into three main sections: system 
characterization, particle production and release studies. 
The particles were produced by membrane emulsification followed by solvent removal. The 
innovation starts in the membrane emulsification method, a non-crossflow system where the to-
be-dispersed phase is pushed through a flat porous metal membrane and the shear is 
produced by an overhead agitator. Some initial tests were conducted with sunflower oil in water 
to characterize the effect of operating conditions on the droplet size and size distribution. The 
effects considered are shear rate, injection rate, pore size, pore distance and membrane 
properties and sometimes these factors are not independent from each other leading to 
different overall effects. A model to predict the drop size based on the system properties was 
proposed. 
The second step was to bring this knowledge to the system of interest: PLGA dissolved in 
dichloromethane as discontinuous phase and water as continuous phase. Initially, single 
emulsifications were performed under different conditions. The transfer was not direct and new 
optimal conditions were researched to achieve a narrow droplet size distribution in the range of 
wanted droplet sizes. Now the effect of the phase composition was studied too. To encapsulate 
a water soluble drug, a double emulsification was required, which adds aspects to consider. 
Once a satisfactorily emulsion was achieved, the focus went to the solidification stage. lt is 
important to maintain a narrow size distribution and high encapsulation efficiency. Effects such 
as osmotic pressure, solidification rate and polymer concentration were considered. 
In the last part, monosized particles with a high encapsulation efficiency were used to study the 
release of a model water soluble drug. Because of the method used, it was possible to produce 
a relatively high quantity of particles so that the release was a studied by an innovative way, 
which allows studying the changes in particle sizes and morphology too. Based on these data, it 
is suggested that the presence of surface erosion together with bulk erosion and a model to 
predict the release was forwarded. 
Most of the experimental work here presented was done by me. The experiments about the 
effect of the pore spacing in presence of shear were performed by the Italian student Emanuela 
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Egidi during her project in which she was supervised weekly by Prof. Holdich and Dr 
Vladisavljevic and by myself daily. 
Some of the work here presented was published in peer reviewed papers and presented in 
national and international conferences; see the list in appendix D 
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2 Literature Review 
2.1 Membrane Emulsification 
2.1.1 Definitions 
There are many ways to define the word emulsion and perhaps none of them is generally 
correct. One possible definition was given by Becher (2001 ): 
An emulsion is a heterogeneous system, consisting of at least one immiscible liquid intimately 
dispersed in another in the form of droplets, whose diameters, in general, exceed 0.1 IJm. Such 
system possesses a minimal stability, which may be accentuated by additives such as surface-
active agents, finely divided solids, etc. 
The most striking deficiency is in the definition of smallest particle size; the limitation imposed 
has no theoretical basis, but is merely an indication of the limits of measurement at the time the 
definition was written. Recently emulsions containing these very small droplets have been given 
the name miniemulsion. These are not to be confused with microemulsion, which are not 
emulsions at all strictly speaking. This term was invented by Schulman and Montagne (1961) to 
describe transparent emulsions. One of the basic differences is that they have almost infinite 
stability and the droplet size is usually smaller than the wavelength of visible light and, 
consequently, microemulsions are transparent or, at least, translucent. Windhab et al. (2005) 
classifies as micro- emulsions when the droplet diameter goes from 10 to 100 nm, mini- when it 
goes from 100 to 1000 nm and macro emulsions when the diameter is between 0.5 and 100 
microns. 
In this work the term emulsion is used to indicate in general a liquid/liquid dispersion of any size 
drops, without any upper limit. 
The basic terminology of emulsions owes its origin to Wa. Ostwald (Becher 2001 ), who pointed 
out that eight types of dispersion of two mutually insoluble substances could exist: 
1. liquid-in-liquid 
2. solid-in-liquid 
3. gas-in-liquid 
4. liquid-in-solid 
5. gas-in-solid 
6. liquid-in-gas 
7. solid-in-gas 
8. solid-in-solid 
lt is co.nvenient to abbreviate these classes of dispersions by referring to them as UL, S/L, G/L, 
US, G/S, UG, S/G, S/S. lt is the first class of dispersions that is of principal concern in this 
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discussion .. However it should be pointed out that S/L, G/L, S/G and S/L are largely governed 
by the same theoretical considerations which apply to L/L systems, that is, emulsions. 
Because traditionally the components of an emulsion have been water and oil, it has become 
customary to refer to both macro- and microemulsions as being water-in-oil fY'//0) or oil-in-
water (0/W). This usage continues, even though it is understood that the water phase may in 
fact contain dissolved electrolyte, lower alcohols, and so on, or indeed not be water at all, but 
rather some polar liquid (e.g., various glycols). At the same time, the oil phase may not 
precisely meet the definition of an oil, but be any liquid immiscible in water. 
lt is also customary to refer to the dispersing liquid as the continuous or external phase, while 
the dispersed liquid is referred to as the discontinuous or internal phase. The concentration of 
the internal phase is usually expressed in volume terms; either as the volume fraction or as 
volume per cent. In addition, the concentration of the third component of the emulsion, that is, 
the surface active agent, may be expressed in a number of ways. lt may, for example, be given 
in terms of its concentration in the total emulsion, or as a percentage of the amount of internal 
phase. 
The main effects of surfactants on emulsion generation are: 
1. interfacial tension will be lowered, and its effective value during droplet break up affects 
droplet size 
2. the surface free energy needed for enlarging the drop surface is bigger. The effect is 
small 
3. an interfacial-tension gradient arises when liquid streams along the interface, 
generating a tangential stress which can facilitate emulsification 
4. coalescence of newly formed drops is slowed down. Emulsification is mostly not 
possible without surfactants; remember that many natural substances contain some 
surfactants, such as fatty acids and monoglycerides in edible oils. 
In this work the technique of using membranes for emulsification is considered. 
A membrane is a thin barrier through which fluids and solutes are selectively transported when 
a driving force is applied across the barrier. Organic polymers, metals, ceramics, layers of 
chemical, liquids, and gases can be membranes. 
Inorganic membranes may be well suited to more difficult applications, such as food 
processing, since they should tolerate harsh processing, cleaning, and sterilizing environments. 
A thin layer of inorganic chemicals on metal and ceramic materials can form a membrane 
barrier layer. Materials for inorganic membranes include glass, sintered metal, ceramics, and 
inorganic polymers (Mohr et al. 1989). 
2.1.2 Emulsification Techniques 
There are many ways to produce an emulsion from two liquids phases that are mutually 
insoluble or only slightly soluble. 
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Traditionally, it is achieved by applying mechanical energy in order to deform the interface 
between the two phases to such an extent that droplets form. These droplets are mostly far too 
large, and they are subsequently broken up or disrupted into smaller ones (Walstra 1983). 
The instantaneous size distribution of an emulsion is the result of the competition between two 
opposing processes: (1) breaking of the drops into smaller ones by the shear strain and (2) 
coalescence of the newly formed drops into larger ones upon collision. If surfactant is present, it 
tends to adsorb at the surface of the drops and thus to protect them against coalescence. Once 
the generation of new drops has stopped, the opposite processes of drop flocculation and/or 
coalescence can continue. After some period of time this will lead to the appearance of 
sufficiently large floes and/or drops, for which the gravitational force is stronger than the 
Brownian force; this will lead to a directional motion of the drops/floes upwards (creaming) or 
downwards (sedimentation), depending on whether the buoyancy force or the drop weight 
prevails (Danov et al. 2001 ). 
Considering all the available methods for emulsification, droplets can be deformed and 
disrupted by viscous or inertial forces. Viscous forces generate tangential and normal stresses 
at the drop surface. Inertial forces generate pressure differences. In practice, it is useful to 
distinguish three situations: laminar flow, turbulent flow and cavitation. 
In laminar flow viscous forces are predominant. The flow can cause shear or elongation, and 
elongational flow is generally more effective. Elongation always occurs if the liquid is 
accelerated. The existing theories can be applied if a fairly constant flow pattern exists. 
In turbulent flow inertial forces are usually predominant, but viscous forces may be involved too. 
Hence, there is often only a small difference to laminar flow. However, flow conditions vary over 
small distances and short times. 
During cavitation, small vapour bubbles are formed which subsequently collapse extremely fast, 
causing heavy shock waves in the liquid (continuous phase). These may disrupt droplets. The 
liquid is intensely agitated and flow is turbulent. Hence the situation is comparable to that during 
disruption by turbulence. A prerequisite is that the pressure falls, at least locally, below the 
vapour pressure. 
Finally, it should be mentioned that an additional mechanism for droplet disruption may occur, 
namely, interfacial instability caused by surface-tension gradients. This may happen in any 
machine, and it depends largely on the surfactant. 
Many devices have been designed to produce emulsions: 
• Shaking 
• Injection; the disperse phase is injected into the continuous one as a cylindrical jet, 
where it is broken up into fairly large droplets 
• Stirring; rotor-stator machines exist in great variety and are described in numerous 
patents, often under the name homogenizer. Basically, a high shear is generated 
between a rotor and a stationary smooth, roughened or grooved surface. Turbulence is 
the primary cause of fluid disruption leading to the formation of droplets 
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• Colloid mill; is also a rotor-stator device but with a narrow slit (0.1 mm) and designed to 
achieve very high shear. They are particularly suitable for producing emulsions with a 
medium to high viscosity of the continuous phase. A narrow droplet size distribution can 
be obtained if the energy density in the space between rotor and stator can be 
controlled well. Minimum droplet size are around 1 !Jm 
• Ball and roller mills 
• High pressure homogenizer; the liquid is brought under a high pressure by a pump and 
is forced through a narrow valve slit; owing to the pressure, the valve opens against a 
spring. These processes may be assisted with use of power, ultrasound or electrical 
fields. In a high pressure homogenizer, the droplets are broken up in the nozzle by 
turbulence and cavitation. Pressures up to 100 MPa are used to produce up to 50 m3 
emulsion per hour with droplet size down to 0.1 !Jm. The energy requirement is high 
and typically for a high pressure homogenizer about the 99.8% of energy supplied is 
lost and converted into heat 
• Ultrasonic; the liquid stream impinges on a knife or blade, which is then brought to 
vibrate at high frequency 
• Aerosol to liquid; one may atomize the disperse phase in air and let the droplets be 
taken up by the continuous phase 
• Foaming or boiling; some oils will spread over a water/gas interface. If air is beaten in 
or the water boiled, the thinly spread oil layer is disrupted, and very small droplets may 
result 
• Condensation and phase inversion. 
(Gijsbertsen-Abrahamse et al. 2004, Williams et al. 1998) 
Some methods are exclusively used in the laboratory, several specific devices are in use for 
specific products, often two or more methods are combined. 
As reported schematically by Williams et al. (1998), a number of problems may be associated 
with these traditional emulsion devices. Firstly, sometimes droplet size and size distribution 
cannot easily be controlled. The drop size distribution is often wide and this influences the 
emulsion stability and characteristics. Secondly the scale up is a common and difficult problem 
from different point of views. The manufacture costs linked to the vessel increase more than 
linearly, some devices are not very flexible and the cost may arise due to under utilization of 
expensive apparatus. The energy required is generally high as well. Lastly, reproducibility on a 
single piece of equipment is often poor and the quality of the product can vary from one 
manufacturing vessel to another even on the same manufacture scale. 
The main target of this research is to develop a method to produce emulsion with relatively big 
drops size, around 100 !Jm, and a narrow size distribution. Many methods produce very 
monodispersed emulsions but only at small diameter, when the diameter increases, the 
distribution becomes worse. Also, a tight size distribution is achieved loosing in productivity. 
Figure 2.1.2-1 shows in a schematic way the different methods available so far for producing 
emulsions as reported in books and papers. The so called conventional methods have already 
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been quickly illustrated. A description of the microfluidics techniques· follows, while the 
membrane emulsification techniques will be thoroughly considered in 2.1.2.2. 
Conventional Methods 
\, ....................... .- ........................ ············ ........... . 
. .. . ~P.-~~Y. :~-~i_~-.r·. : 
Figure 2.1-1 Schematic presentation of the existing range of emulsification methods 
2.1.2.1 Microfluidics 
T -Shaped Channel 
Nisisako et al. (Nisisako et al. 2004), proposed a new approach based on microfluidic system 
studies. Basically, two immiscible fluids are introduced into separate microchannels ending in a 
junction. At this point one liquid is forced into the second one forming microdroplets one by one. 
They state that the drop formation is both rapid and reproducible, that the resulting droplets are 
monodistributed and the size can be easily controlled by changing the flow conditions. When 
the difference in speeds of two liquids is relatively small, the droplets formation is caused 
mainly by the gradient of the interfacial tension. Keeping constant the discontinuous phase 
velocity, increasing the continuous phase velocity brings to the formation of smaller drops until 
a limit size. Above this limit speed polydispersed droplets were generated because of the 
turbulence in the microchannel. Strictly, droplets formed at the T-junction are bi-dispersed due 
to the satellite drops caused by breakage. However the size distribution of the primary drops is 
very narrow and the satellite droplets can easily be removed by conventional filtration 
techniques. This highlights the two main disadvantages of these technique: consumption of 
material and a poor possibility of an effective scaling up for industrial purposes. 
A multistream laminar flow system has also been adopted by Xu and Nakajima (2004) to obtain 
highly monodispersed droplets with a standard deviation less than 1%. The maximum 
achievable diameter is smaller than the width of the channel junction though. After a transition 
from the formation of irregularly shaped droplets to polydispersed droplets, highly 
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monodispersed droplets can be formed through the rapid periodic breakup of the focused 
microthread. 
This method has been applied in Tice et al. (2003) studies with an added feature. They 
modified the apparatus in order to have three streams joining together. The mixing of the three 
reagents happens inside a very monodispersed drop. Still, the main problem of a poor 
possibility of an industrial application is present. 
The industrial interest of this method is poor but it is helpful to outline the theoretical formation 
of a drop. Van der Graaf et al. (2005) looked at research of droplet formation in T-shaped 
microchannels that have dimensions comparable to the dimension of a typical pore used in 
crossflow membrane emulsification. They also studied the dependence of different phase 
compositions. Mainly, droplet formation starts with a half disc of oily phase formed at the pore 
opening. In time, the droplet grows and is deformed in the direction of the aqueous phase flow. 
A neck is formed which holds the droplet connected to the pore while the continuous phase 
intrudes into the pore. Finally, the droplet detaches at the side of the pore opening. Accordingly 
to Nisisako's studies, a "critical dispersed phase velocity" is visible that marks the transition 
regime between jets and droplets. As pointed out also by Schroder et al.(1998), the neck is 
fundamental for the detachment: a critical neck diameter is recognisable due to the force 
balance. Because of that, the critical neck is in the same range as the depth of the 
microchannel or more generally of the pore diameter. 
Microchannel 
There are many studies of Microchannel Emulsification methods, in some cases it is reported 
as a membrane emulsification technique, in others the difference with membranes are stressed. 
Considering only one pore, this method has a theoretical basis in common with the T-junction 
emulsification method. This technique was thoroughly investigated by Sugiura et al. (2002). The 
MC emulsification is suitable for every kind of emulsion and particle production. lt can give 
drops up to 100 1Jm with a coefficient of variation approximately of 5% by changing the 
geometry of the channel. They verified that the droplet formation process was mainly the 
interfacial force by studyinQ the dependence of the droplets size with a typical dimensionless 
number. They c;>bserved ·empirically the existence of a critical flow velocity, and linked it with a 
dimensionless number, Capillary number (Ca). If Ca exceeds the critical value, the viscous 
force is dominant, the flow is similar to laminar flow and the dispersed phase flows out 
continuously. 
A problem that can be encountered in making relatively big drop size is the stability. The big 
drops may easily break leading to a wide size distribution. Xu et al. (2005) improved the MC 
technique for making big drops (100 IJm of diameter and more) by coupling it with nanoparticles 
used as stabilizer. They added silica nanoparticles to the continuous phase and they studied 
the effects on stability and distribution. They were both improved above all for bigger droplets. 
Definitely though, these impressive results are also due to the attention centred on a single 
pore. The industrial scaling up remains an issue. 
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2.1.2.2 Membrane Emulsification 
Unlike the conventional methods of making emulsions, membrane emulsification allows more 
control over the production of emulsion droplets. The main advantages of this emulsification 
technique are the possibility to produce droplets of a defined size with narrow size distribution 
(which is primarily governed by the choice of membrane and not by development of turbulent 
drop break-up), low shear stress, the potential lower energy consumption and simplicity of 
design (Cheng, Woo, Loughborough University R&D project report). 
An emulsifying agent may be unnecessary because the new surface of the liquid being 
dispersed is formed using the membrane and not by the break-up off an existing surface. 
However, a stabilising agent is still required in order to stabilise the newly formed dispersed 
phase surface within the continuous phase. Hence it is argued that an emulsifying/stabilising 
agent is still necessary, but the amount of that agent is less than that required to produce a 
dispersion by breaking larger drops. The reduction in energy requirement by using membrane 
emulsification is very significant and the ability to form near monosized dispersion in a 
technique that can be scaled from laboratory investigation to industrial scale application makes 
the process very attractive. 
In Figure 2.1.2-2 the different applications grouped under the common name of membrane 
emulsification are presented. 
! Membrane Emulsification ! 
Shirasu Porous Glass 
Ceramic Membranes 
Figure 2.1-2 Schematic representation of the two main groups in membrane 
emulsification 
Techniques to produce emulsions using membranes can be divided in two groups: either a 
coarse pre mixed emulsion can be pressed through the membrane to reduce the droplet size of 
the dispersed phase, or only the to-be-dispersed phase is pressed through the membrane and 
forms drops at the pore opening in the membrane surface (Gijsbertsen-Abrahamse et al. 2004). 
Lambrich and Schubert, (2005), presented a clear comparative work on these two classes of 
emulsion processes, outlining droplet formation scheme, devices and influencing parameters. 
In premix membrane emulsification, droplets of a coarse pre-emulsion are disrupted. By the 
selective choice of the wetting properties of the membrane surface, it is possible to combine the 
droplet disruption with a phase inversion. For a premix membrane emulsification to be 
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successful it is important that the continuous phase of the resulting emulsion is the wetting 
phase for the membrane surface. The devices used for premix membrane emulsification require 
a low constructive effort. The coarse emulsion that can be produced for example in a stirred 
vessel, is stored in a tank, above the membrane. Then a sufficient pressure is applied to push 
the emulsion through the pores. This process can be influenced by the membrane used for the 
production of the fine emulsion, the properties of the fine emulsion, the properties of the coarse 
emulsion and the pressure applied to this coarse emulsion. 
The direct membrane emulsification is the method that is considered in this work. Basically, the 
disperse phase is pressed through the pores of a microporous membrane. The devices can be 
divided into two groups: 
continuous and semi continuous emulsification: 
the membrane applied in these devices are tubular membranes, where the dispersed 
phase is pressed from the outside into the tube or flat membranes, where the disperse 
phase is pushed from one side to the other and recirculated 
batch emulsification: 
the disperse phase is pressed out of a membrane that is located in a stirred vessel. The 
continuous phase kept in motion within the vessel detaches the emulsion droplets from 
the membrane surface (Lambrich & Schubert 2005). 
The influencing parameter and the type of membrane available are further presented. 
A key problem of membrane emulsification is to explain and predict the dependence of the 
mean drop diameter on the experimental parameters: mean pore diameter, applied crossflow 
rate in the continuous phase, flux of the disperse phase along the pores, viscosity of the oil and 
water phases, interfacial tension and kinetics of surfactant adsorption, etc. 
Last but not least, the hydrophobicity or hydrophilicity of the pore channels and membrane 
surface is of critical importance (Peng & Williams 1998). If the membrane surface is wetted by 
the dispersion phase, droplet size cannot be controlled. Therefore, an OM/ emulsion is 
prepared using a hydrophilic membrane and a W/0 emulsion is prepared using a hydrophobic 
membrane (Katoh et al. 1996). 
The membrane emulsification, ME, technology was first developed by using a Shirasu Porous 
Glass membrane (SPG) but then increasing interest followed and other porous membranes 
have been investigated. Examples are: 
a-aluminum oxide (a-AI203) and Zr203 membranes 
Silica membranes 
Perforated stainless steel plates 
Polymeric membranes of different materials (polypropylene, PTFE ... ) 
Microengineered silicon nitride microsieves 
There are a few extensive literature reviews about membrane emulsification (Joscelyne & 
Tragardh 2000, Vladisavljevic & Williams 2005). Joscelyne and Tragardh, (2000), considered 
both uniform pore membranes and micro-porous glass membranes or SPG, and ceramic a-
11 
2 - Literature Review 
AI203 coated membranes. They reviewed the influencing parameters, the possibility of scale up 
and the more suitable membranes depending on the purpose. Vladisavljevic and Williams 
(2005) consider a wide range of membranes too, from SPG to polymeric and a metal rotating 
membrane. They showed how the shear at the membrane surface can be generated by a 
crossflow, or a stirrer, or rotation or vibration of the membrane itself. They introduced also the 
difficulties in making double emulsions with the aim of making polymer particles, which will be 
considered in the application of the membrane production method shown in this work 
Vladisavljevic et al. first studied separately the SPG method and the a-AI20 3 method in 
producing oil in water emulsions. They first found out what influences the drops in using a SPG 
membrane, (VIadisavljevic & Schubert 2002), then they presented the a-AI20 3 membrane 
method, (VIadisavljevic & Schubert 2003, Vladisavljevic & Schubert 2003a), and finally they 
published comparative studies considering also a microfluidizer (high pressure homogenizer) 
and a MC test, (VIadisavljevic et al. 2004, Vladisavljevic et al. 2004a). Definitely the 
homogenizer is suitable to obtain very small droplets, nanodrops. At this low size, the 
distribution is less important and the homogenizer is the only device that can reach it easily. For 
bigger drops, the distribution becomes important and any other method than homogenizer is 
better. At the same pore size and under the same experimental conditions, the oil droplets 
produced by utilizing the SPG membrane were more uniform than droplets prepared by using 
the a-A120 3 membrane. Considering a single pore of the MC the span obtained was the same 
as the upper limit reachable with the SPG. In using a membrane device the composition of the 
phase becomes less important than when using the homogenizer since the final drops size is 
mainly governed by breaking up and coalescence (VIadisavljevic et al. 2004, Vladisavljevic et 
al. 2004a). 
A disadvantage of the SPG membrane is the low phase flux (Abrahamse et al. 2002, 
Vladisavljevic & Schubert 2003), due to a thick membrane wall and a small proportion of active 
pores. When the production rate is increased the number of working pores decreases and the 
distribution becomes worse. Also, because of the re-circulation, the droplets can be damaged 
when passing through the pump. 
For drops up to ten microns, a-AI20 3 membranes can still give good results. The size 
distribution strongly depends on the membrane cleaning procedure and depending on the pore 
size there is a range of discontinuous phase injection which is optimal for the distribution, see 
also Table 2.1.3-2. 
Schadler and Windhab, (2006), considered a similar membrane to the one which has been 
used in this research. lt is a structured microsieve made from a nickel sheet of about 50 IJm 
thickness, containing circular pores with uniform size. The pores are arranged with controlled 
pore distance and in particular the diameter is 5 IJm and the pore spacing is twelve times the 
diameter. They pointed out two main disadvantages of membrane emulsification processes 
over conventional methods. Firstly for small ratios of pore distance to pore size, droplet 
coalescence on the membrane surface can occur. Furthermore, membranes are usually used in 
flowing liquids and the detaching force is coupled with the overflow of the continuous phase. 
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They propose a method presenting a cylindrical rotating membrane inside a cylinder, set up in a 
way so that it is possible to change the gap width between the membrane and the cylinder wall. 
In this way it is possible to achieve very high tangential force on the membrane surface that 
strongly influences the drop size. Also, Vladisavljevic and Williams (2006) considered rotating 
membrane emulsification. They produced oil-in-water emulsion of the same size range 
considered in this work, using a small diameter stainless steel tubular membrane with uniformly 
spaced laser drilled pores. The water phase slowly passed upwards into the annulus between 
the stationary vessel and the membrane tube and a product emulsion is discharged from the 
top of the vessel. The shear stress is developed by rotating the membrane rather than by 
flowing the continuous phase, since the crossflow velocity is negligible. 
2.1.3 Membrane Emulsification Operating Conditions 
2.1.3.1 Shear Rate 
A shear rate at the membrane surface can be provided by different ways, typical of the specific 
membrane emulsification technique used. lt can be due to the flow of recirculating continuous 
phase (crossflow velocity), to an external agitator of the continuous phase (agitation speed) or 
to the rotation or vibration of the membrane itself. Nevertheless, a characteristic common to all 
membrane emulsification techniques is the relation between shear rate and droplet 
size(Joscelyne & Tragardh 2000). Droplet size decreases as shear increases and the relation 
can be considered exponential, the drop size decreases sharply as the crossflow velocity 
increases from rest and reaches a size where it becomes more or less independent of it. In 
other words, the largest change in droplet size occurs at small shear stresses. This is valid for 
single pore membranes (Peng & Williams 1998, Xu et al. 2005), ceramic membranes (Williams 
et al. 1998, Vladisavljevic & Schubert 2003, Joscelyne & Tragardh 1999), SPG membranes 
(VIadisavljevic & Schubert 2002, Rayner & Tragardh 2002, Rayner, Tragardh & Tragardh 2005, 
Scherze, Marzilger & Muschiolik 1999) and microsieve membranes (Schadler & Windhab 2006, 
Vladisavljevic & Williams 2006). In Rayner, Tragardh & Tragardh (2005) the relation between 
shear and droplet size is explained, as shear increases, drag force increases hence smaller 
droplets. Another possible explanation is that if the wall shear increases, the thickness of the 
boundary decreases hence the rate of mass transfer of surfactant increases. This speeds up 
the reduction in interfacial tension hence smaller drops. Anyway, the shear is important for the 
recirculation of the phases so that the newly formed droplets can be carried away and the 
supply of surfactant at the membrane surface is replenished. Another common effect of shear is 
that the distribution tends to get better as the shear increases. There is an upper limit to this, in 
fact if the shear is too high, it breaks up the newly formed droplets, the size is small but the 
distribution becomes wide. In Yuan et al. (2008) it is shown how in crossflow emulsification, the 
droplet size is mainly governed by the crossflow velocity and pore size. Being these constant, a 
change in transmembrane pressure or phase viscosity did not affect the final drop size. 
In Table 2.1.3-1 some of the typical results are summarized considering the shear applied, the 
droplet size obtained, distribution and kind of membrane used. 
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Table 2.1-1 Typical results presented in literature considering the effect of shear rate 
in membrane emulsification 
membrane ref. droplet span pore shear 
type diameter (or CV%) diameter stress 
jlm jlm 
SPG Vladisavljevic 1.4 0.45 0.4 185 kPa 
and Schubert 4.6 0.3 1.4 48 kPa 
2002 8.5 0.44 2.5 24 kPa 
14.7 0.37 5 10 kPa 
23.9 0.26 6.6 5 kPa 
rotating Vladisavljevic 79 to 259 (4.8- 20%) 100 1.3-40 
membrane and Williams Pa 
2006 
ceramic Vladisavljevic 3 to 4 0.42 1.4 139 Pa 
membrane and Schubert 0.44 91 Pa 
2003a 0.48 0.55 Pa 
2.1.3.2/njection Rate 
The injection rate indicates the way in which the discontinuous phase is introduced in the 
membrane and then in the continuous phase. lt can be presented as transmembrane pressure, 
cross-membrane velocity, flow rate or velocity through the pores. 
The effect of injection rate on the droplet size and size distribution is more complicated. lt 
depends on the membrane used, the set up of the experiment and the actual amount of 
disperse phase velocity. Generally, when sintered membranes are used, an increase in 
injection rate leads to an increase in droplet size and also to a wider size distribution (Schroder 
et al. 1998, Vladisavljevic & Schubert 2003, Rayner, Tragardh & Tragardh 2005, Scherze et 
al.1999). Initially it was thought to be due to coalescence, (Schroder et al. 1998), but now there 
are different explanations. Rayner et al. (2005) uses a mass transfer theory. The interfacial 
tension is increased by the formation of fresh interface as the droplets expand but at the same 
time the interfacial tension is decreased by the surfactant covering the surface. These two 
effects have been modelled by Deluca et al. (2004) but further studies are still needed. This 
same behaviour was found also for single hole membranes (Xu et al. 2005, Danov et al. 2007), 
microchannels (Peng & Williams 1998, Saito et al. 2005) and for a microsieve membrane with a 
small number of pores (van der Graaf et al. 2004). They all agree that the interfacial tension 
plays a role. As found by Xu et al. (2005), when the interfacial tension is high, 51 mN/m, the 
injection rate does not affect the droplet size, while for interfacial tension of 8.13 and 1. 7 mN/m, 
slightly bigger droplets are obtained. This effect does depend on the shear too, if the agitation is 
high, the effect of the injection rate is less noticeable. Some studies were conducted using a 
SPG membrane in absence of shear (Christov et al. 2007). In absence of shear, droplets are 
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generated at a transmembrane pressure slightly above the critical pressure for drop break up. 
In this case, as the transmembrane pressure increases further the distribution become bi-modal 
and the drop size decreases. The explanation given for this behaviour is the transition from 
dripping regime to jetting, which cause instability and the generation of bimodal size 
distributions. lt is commonly accepted that the injection rate (transmembrane pressure) should 
be enough to force the discontinuous phase to flow through but not too much to cause jet-out 
(Peng & Williams 1998). 
To illustrate further complications are the papers written be Vladisavljevic & Schubert (2003), 
Abrahamse et al. (2002) and Zhu & Barrow (2005). In Vladisavljevic & Schubert (2003), a 
sintered alpha alumina ceramic membrane was used, so the pores are not anymore straight 
channels. Increasing the transmembrane pressure from 50 to 150 kPa the droplet size first 
decreases then it increases. Where it reaches a minimum, there is the best droplet size 
distribution. They explain the decreasing part saying that when the transmembrane pressure is 
not too different than the capillary pressure only the larger pores are active. Then increasing it, 
also the smaller pores start being active hence in total a lower droplet size is detected. 
Increasing further the transmembrane pressure leads to bigger droplets following what was 
found in the previously reported papers. 
Table 2.1-2 
membrane 
type 
ceramic 
membrane 
SPG 
microchannel 
Summary of a few values for size and size distribution at different 
injection rates values as found in the literature 
ref. shear droplet span pore flux 
diameter (or CV%) diameter [capillary 
pressure] 
(transmemb. 
Jlm Jlm pressure) 
Vladisavljevic 139 Pa 3to 4 0.42 1.4 (60 kPa) 
and Schubert 0.45 (80 kPa) 
2003a 0.5 (lOO kPa) 
0.52 (170 kPa) 
Vladisavjlevic 30Pa 22 to 34 0.27 4.8 [1.9) 
and Schubert 0.3 [2.9) 
2003 0.37 [3.6) 
0.52 [5.7) = 771m.2h"1 
Saito et al. 42 to 45 (3.9 to 7%) 0.6 to 30 lm.2h"1 
2005 
In Zhu & Barrow (2005) they used three different regular membrane arrays, with different pore 
diameters and pore distances. Using a pore distance equal to ten times the pore diameter and 
changing the dispersed phase velocity they see that the drop diameter first increases with the 
increasing of the flux, then it reaches a maximum and decreases. The first phase is explained 
by interfacial tension phenomenon. As the flux increases there is less time for forming a new 
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oil/water interface which means higher dynamic interfacial tension hence higher capillary force. 
They explained the decreasing slope by the "push to detach" effect, which has also been seen 
by Abrahamse et al. (2002). With the injection increasing more pores are active so the droplets 
are more likely to touch, deform and be pushed to detach. This phenomenon will be thoroughly 
investigated further in this work. 
In Table 2.1.3-2 some of the values obtained by these works are presented. The effect of the 
injection rate expressed as transmembrane pressure or flux, depending on the set-up, on the 
size and size distribution is outlined. 
2.1.3.3 Membrane Characteristics 
As previously mentioned, the membrane characteristics have a major influence on the emulsion 
properties. Early studies linked very tightly the pore size to the drop size by a linear relation 
when using SPG membranes (VIadisavljevic & Schubert 2002, Gijsbertsen-Abrahamse et al. 
2004, Joscelyne & Tragardh 2000). Together with the size, also the pore array and distance is 
becoming more and more important. Initially Williams et al. (1998) asserted that pore uniformity 
was fundamental to have a monosized emulsion and they considered an ideal membrane: 
uniform pore size, the pores are straight cylinders and are located on the surface uniformly. 
Abrahamse et al. (2002), and later Zhu & Barrow (2005), showed that this is not enough, some 
of the pores can behave substantially different even if they are well defined. The former, 
(Abrahamse et al. 2002), noticed that at a low transmembrane pressure only a few pores were 
active and at higher pressure, other pores became active following a random pattern. Their 
videomicroscopy images show the steric hindrance that pushes the droplets to detach from the 
membrane once they touch and deform enough. In this case this push off leads to polidispersity 
because the membrane is small and the droplets at the boundary do not interact with the others 
on all sides. The latter, (Zhu & Barrow 2005), showed that even if all the pores were active, the 
frequency of droplet generation from individual pores was different. 
Finally, membrane surface properties such as hydrophilicity are of paramount importance to 
achieve the wanted type of emulsion (0/W or W/0) and a narrow size distribution (Peng & 
Williams 1998, Schroder et al. 1998, van der Graaf et al. 2004, Zhu & Barrow 2005) 
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2.2 PLGA Application 
2.2.1 Poly (D,L-Lactic-glycolic-acid) 
Between' the various natural and synthetic polymers that have been used so far to produce 
controlled release particles, poly(lactic-co-glycolic acid) (PLGA) has been chosen in this 
research, see Figure 2.2.1-1 for chemical structure. 
0 
HO~~H0lJ("'o-iv" 
CH 3 0 
x - Number of units of Lactic Acid 
y- Number of units of Glycolic Acid 
Figure 2.2-1 PLGA chemical structure 
PLGA degrades in-vivo to lactic (C3Hs03) and glycolic (C2H403) acids which are subsequently 
eliminated as C02 and H20 via the Krebs cycle (Dunne et al. 2000), hence it is compatible with 
the body tissue (Dutt & Khuller 2001) and the nervous system (Whittlesey & Shea 2004). 
Generally, polymers or lipid carriers are preferred to protein or molecular conjugates carriers 
because they protect the drug from degradation or digestion. Polymers are preferred to lipid 
carriers because of their stability, flexibility and the possibility of higher control on drug loading 
and dynamics of release (Eniola & Hammer 2005). lt has been used for suture, dental repairs 
and bone replacement for long time and the Food and Drug Administration have approved it. 
The important characteristic that differs non-degradable synthetic polymers from biopolymers is 
that since the latter degrade in biocompatible products, they do not need to be surgically 
removed at the end of the administration. 
The object of this research is to obtain particles with a diameter between 50 and 100 !Jm so the 
literature review is focused on production of microparticles. Numerous researches are focused 
on production of nanoparticles, which can be used for very fine spray inhalators or intravenous 
injections. Microparticles between 5 and 150 IJm are good because they are large enough to 
remain at the site of injection and provide large enough drug loading but small enough to be 
administered through a relatively small-gauge hypodermic needle (Berkland et al. 2004, Wang 
et al. 2007). 
2.2.2 PLGA Particle Production 
The vast majority of techniques obtain the particles through an emulsification followed by 
solvent removal. There is a single example of a totally different method to obtain particles of the 
target size range that is spray drying. Other methods differ in the way the emulsion is produced 
or the way the solvent is removed. For an extended review of different emulsification 
techniques, please see Section 2.1. Here only the aspects concerning PLGA particle production 
are discussed. In Figure 2.2.2-1 the emulsification methods are organized in order to underline 
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their capacity of providing monosized particles. When water soluble drugs are encapsulated by 
performing a double emulsion, the primary emulsification is generally made by a homogenizer 
(Bittner et al. 1998, Pistel et al. 1999, lto et al. 2007, Perez-Rodriguez et al. 2003, Perez & 
Griebenow 2003, Han et al. 2001, Ghaderi, Sturesson & Carlfors 1996, Wang et al. 2002) or 
sonication (Dutt & Khuller 2001, Wang et al. 2007, Varde & Pack 2007, Herrmann & Bodmeier 
1995, Pean et al. 1998). This guarantees small, very well dispersed water droplets in the 
polymer matrix. A small size improves the stability and avoids inner droplets disruption during 
the secondary emulsification. 
Spray Drying 
This method and results were presented by Bittner et al. (1998). The polymer-solvent-drug 
liquid mixture is transferred from a fluid state into a dried microparticulate form by spraying it in 
a controlled environment. lt is suitable for both hydrophilic and hydrophobic drugs and the 
manufacture takes place under aseptic conditions. The parameters affecting the microsphere 
characteristics are: inlet temperature, spray rate of feed, flow rate, polymer and drug 
concentration, solvent and polymer used. Compared to a traditional emulsion-solvent removal 
technique, if the drug is hydrophilic, higher encapsulation efficiency is obtained (up to 96-100% 
instead of 74-96%, as shown in their results). Spray drying presents the advantage of not 
having any outer water phase so the drug does not leach into the external phase. 
Microparticles obtained with this method are not monosized and the maximum diameter is 10 
IJm. When the solvent evaporation is particularly fast, a few particles can be deformed. 
2.2.2.1 Emulsification Methods 
Homogenizing 
When using a homogenizer also for the secondary emulsification of a double emulsion process, 
the secondary emulsion may result in highly polydisperse drops, if the conditions are too mild, 
or in low encapsulation efficiency, if the homogenization is too intensive. This problem does not 
exist for single emulsion (to encapsulate a hydrophobic drug) but the droplet size is generally 
very small and widely distributed (Pistel et al. 1999, Tsung & Burgess 2001). An improvement is 
represented by sonication (Wang et al. 2007, Pistel et al. 1999). 
Stirring 
The PLGA in the solvent phase is added to the aqueous phase and stirred. The agitation 
continues to allow the solvent evaporation, (Ruan & Feng 2003, Jaklenec et al. 2008). To 
improve the size distribution, the discontinuous phase can be injected by a syringe, (Eniola & 
Hammer 2005, Mi et al. 2002, Yang et al. 2000). lt is a very basic method but it also tends to 
give quite broad distributions. 
Shirasu Porous Glass 
A membrane emulsification technique often used to produce PLGA particles is Shirasu Porous 
Glass (SPG). I to and M a kino (lto & Makino 2004) prepared PLGA particles encapsulating a 
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hydrophobic drug. They obtained better results for small particles (51Jm). Nevertheless, to 
improve the distribution it is necessary to separate by a sieve, particles bigger than 20 1..1m and 
this causes a yield of 50%. In the same research, particles encapsulating a water soluble drug 
were produced too. The size increases up to 9 1..1m due to the inner phase. Liu et al. (Liu et al. 
2005b) produced W/OMJ emulsions by SPG which were subsequently solidified to obtain 
particles. Their research shows that to obtain a narrow size distribution, best conditions are the 
absence of emulsifier in the oil phase and the use of 1% poly-vinyl-alcohol (PVA) in the outer 
water phase. To prepare double emulsion by SPG method it takes one to five hours, so the 
stability of the injected phase is an important issue. An emulsifier in the oil phase would improve 
this stability but at the same time it might wet the membrane, leading to a wider encapsulated 
droplet generation. No emulsifier is required in the system presented in this work, since the time 
it requires is short enough for the injected emulsion to be stable without it. Another problem 
given by the long period of emulsification, pointed out by lto et al. (2007), is the different 
residence time of the droplets which leads to a different amount of drug encapsulated in each 
particle. In another paper published by lto et al. (2008), PLGA particles encapsulating a model 
water soluble drug are produced by simple stirring or SPG emulsification, with or without the 
addition of PEG. As expected the particles obtained by SPG are more monosized but they 
present lower encapsulation efficiency if compared with the ones produced by stirring. The 
addition of PEG helps maintaining a good size distribution and higher encapsulation efficiency. 
The best values obtained are a coefficient of variation of 7.12% for size of 7 1..1m in diameter and 
an encapsulation efficieny of 56.8%. 
Ultrasonic Breakage 
Studies conducted by Berkland, Kim and Pack (Varde & Pack 2007, Berkland et al. 2001, 
Berkland et al. 2002) present the production of extremely monosized PLGA particle by the 
ultrasonic breaking of a stream. The discontinuous phase passes through a small nozzle to 
form a smooth, cylindrical jet. The nozzle is vibrated by a piezoelectric transducer at a desired 
frequency and it breaks the stream into droplets. The extremely monosized droplets are 
subsequently solidified by stirring. The minimum particle size achievable is slightly larger than 
the nozzle; a wide range of sizes has been reported, from 10 to 500 I.Jm. lt is suitable also for 
producing double walled particles by adding an annular flow around the main stream nozzle 
(Berkland et al. 2004, Pollauf et al. 2005). 
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Droplet Size Uniformity 
Organization of the emulsification methods depending on the 
drop size uniformity they provide: from the widest distribution on 
the left to the most monosized on the right 
2.2.2.2 Solvent Removal Methods 
Once the emulsion is formed, the solvent {often dichloromethane (DCM)) dissolves into the 
external aqueous phase and evaporates at the air-liquid interface. The extent and speed of 
solvent extraction from the dispersed phase into the external aqueous phase depends on the 
solubility as well as the rate of solvent mass transfer. Solvent evaporation on the other hand 
depends mostly on temperature and the concentration of the solvent in air (O'Donnell & 
McGinity 1997) In particular, as highlighted in Yang et al. (2000), solubility and diffusion 
coefficient of DCM in water follows two different trends with a change in temperature. The 
solubility of DCM in water decreases with increase in temperature, so a low temperature 
enables a faster removal of the solvent out of the sphere. Besides, the diffusion coefficient 
increases with temperature and higher temperature also provides greater driving force for 
evaporation at air/liquid interface. They have found that when the solidification phase is 
conducted at room temperature, faster mass transfer results in faster saturation of the external 
aqueous phase hence the predominant process is evaporation. Sawalha et al. (2008) focused 
their work on the study of DCM removal from PLA particles. In agreement, they found that for 
mixed systems of polymer particles, the dominant resistance is at the gas-liquid interface. They 
also found that adding methanol or the presence of stirring helped the evaporation stage. 
For body related applications, the residual presence of solvents such as DCM is an issue. The 
upper limit of its concentration in the final product has been set: from Organic Volatile 
Impurities, USP XXIII, chapter <467>, 1995, the amount of DCM in t~e final product should not 
exceed the limit of 500 ppm. As shown in Pistel et al. (1999) a period of stirring of three hours 
either at room temperature or at 1 degree Celsius is adeguate to remove enough DCM. 
The ways of influencing the solvent removal more often used are: stirring for different amount of 
time (Berkland et al.2003, Freiberg & Zhu 2004, Liu et al. 2006), adding water phase to help the 
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extraction of solvent (Ruan & Feng 2003, Berkland et al. 2003, Jeyanthi et al. 1996), or the 
temperature (Pistel et al. 1999, Jeyanthi et al. 1996). When a spray drying method is used 
though, the residual DCM is half the amount of that one left in a normal solvent removal one, 
due to the higher interface area and the higher operating temperature (Bittner et al. 1998). The 
speed of the solidification process influences the surface morphology of the particles, hence the 
encapsulation efficiency and the release mainly during the first stage. As reported by AI-Maaieh 
& Flanagan (2001) sodium chloride was found to increase the DCM activity coefficient in water, 
thus leading to a salting-out effect of DCM. The term salting-out is used when a salt decreases 
the aqueous solubility of a non-electrolyte, in this case by increasing the activity coefficient. So, 
also the use of salt in the outer water phase is a tool for controlling the solidification process. 
Bezemer et al. (2000b) did some studies about PLGA and PA (PolyActive). They wanted to 
encapsulate a water soluble drug, after producing a W/0 emulsion by homogenizer they tried 
three different secondary emulsifications: 1) using a non-solvent oil phase (methanol or ethanol 
since they use DCM in the primary emulsion), 2) use some water phase and then add also the 
non-solvent oil to speed up the solidification, 3) use only the water phase. The idea behind 
method 1 was to avoid the water at once to increase the encapsulation efficiency. lt resulted in 
a too fast solidification and the particles did not have time to form. Method 2 gave a slightly 
higher encapsulation while method 3 gave a zero-order release. 
2.2.2.3 PLGA Interactions 
PLGA is itself a composition of two copolymers, lactic acid and glycolic acid. To couple this 
biopolymer with others may be a necessity required by the system or a way to enhance existing 
properties. For example, when encapsulating proteins, many problems may occur. The PLGA 
acidic environment during degradation (existence was proved by Fu et al. (2000}} may lead to 
destabilization and non covalent aggregation of acid-labile biomacromolecules such as protein. 
Coupling PLGA with other non acidic polymers may be a convenient solution (Shi et al. 2003}. 
From the acidic degradation environment point of view, PLGA represents already an 
improvement compared to the previously used PLA. PLA degrades in lactic acid and it was 
traditionally used for local treatment (bone implant to treat osteomyelitis} leading to side effects 
like irritations and drug loss due to the localized acidic pH (Huang et al. 1997}. To protect the 
proteins during the release different polymer combinations have been tried, such as PEG-
maltose-PLGA (Perez-Rodriguez et al. 2003} or PLGA-PEO-PLGA (Pistel et al. 1999}, or 
different additives, zinc (Dai et al. 2005), antacid (Varde & Pack 2007) or salts (Perez & 
Griebenow 2003), and even a coat in silk (Wang et al. 2007). 
To enhance a more regular, zero order, release, PLA and PLGA mixtures have been shown to 
be useful (Berkland et al. 2004, Lee et al. 2002). To further investigate this aspect, Pollauf et al. 
(2005), compared the behaviour of core shell PLA(PLGA) and dispersed PLA-PLGA particles. 
Basically the blend particles behave not much differently than pure PLGA particles while walled 
particles behave more similarly to PLA but for the last 20 days when they reach total release 
before pure PLA. 
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PLAIPLGA mixtures behave differently depending on the drug encapsulated. If the drug is 
hydrophobic, a mixture leads to a lower initial burst if compared with pure PLGA (Matsumoto et 
al. 2005), while if the drug is hydrophilic, it increases the cumulative release rate, (Liu et al. 
2006). For this second reason, other mix of PLGA and chitin (Mi et al. 2002), PLGA and PEG 
(Kang & Singh 2001) and PLGA and tricaprin (Kang & Singh 2001) have been studied. 
To improve biocompatibility and interactions, PLGA particles have been coated in gelatine 
(Tsung & Burgess 2001) or added amino groups (Eniola & Hammer 2005). The first was used 
to invoke connections with the tissues to treat while the latter was to mimic leukocytes. 
Finally, a double encapsulation of two different drugs, a hydrophilic and a hydrophobic, in the 
same particle has been attempted by producing a double walled POE-PLGA microsphere (Shi 
et al. 2003). 
2.2.3 PLGA Particle Characterization 
2.2.3.1 Effects on Encapsulated Particle Production 
The specific choice of using blue dextran as a model water soluble drug was done in order to 
have a direct comparison with the work done by lto et al. (2007). They state that membrane 
emulsification would be better but not by SPG since it takes too long. So they produced 10 J,Jm 
encapsulated particles by simple stirring and they studied the influence of PVA concentration, 
inner phase volume, PLGA molecular weight and concentration on particle size, size distribution 
and encapsulation efficiency. lt was found that if PLGA concentration increases then the 
particle size increases because of a higher viscosity (Pistel et al. 1999, Herrmann & Bodmeier 
1995). This result is due to their particular emulsification method: homogenization and syringe 
injection in a stirred continuous phase respectively. 
The final size of the particles is given by three main influencing factors: initial droplet size, 
shrinkage and porosity. As outlined in lto & Makino (2004) and Shi et al. (2003), also the 
presence of an inner phase influences the particle size leading to bigger ones. 
In Han et al. (2001) another factor affecting particle size is presented: the presence of salt in the 
outer and inner phase. If the inner salt concentration is much higher than the outer one, water 
will enter the particle so they will not shrink as much as when there is no influx of water. 
The volume loss of each microsphere can be attributed to the extraction of DCM out of the 
microsphere into the aqueous solution and the simultaneous counter diffusion of a small 
amount of water into the microsphere. If 5% w/w PLGA in DCM is used, solvent extraction 
accounts for 95% of the mass loss corresponding to 37% volume change (at constant density). 
The additional volume loss is accounted for by the fact that the polymer-rich phase is more 
dense than the polymer-lean solution (Berkland et al. 2001 ). 
As reported in Zhang et al. (2003), in making WIONJ emulsion, depending on the encapsulated 
drug, an osmotic pressure may appear. If the osmotic pressure of the inner phase is greater 
than the one of the outer phase, it results in an outward flux of water which may lead to porosity 
and escaping path for the inner phase. From here is the necessity of adding salt in the outer 
phase in order to rebalance the osmotic pressure. As shown in Perez & Griebenow (2003) 
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when encapsulating proteins, the presence of salt can help in preventing their loss. It is hence 
important to consider this factor. 
In Table 2.2.3-1 all the aspects influencing the final particle size illustrated are organized 
together to give a clearer picture of the situation so far. 
Table 2 2-1 Various effects on final particle s1ze as illustrated in the literature 
1' droplet size (i.e. increasing droplet size) 
(lto et al. 2007) 
1' PLGA concentration • -!.- solvent to remove 
{Berkland et al. 2001, hence -!.- shrinkage 
Pistel et al. 1999, • 1' viscosity (effect of 
Hermann & Bodemeier viscosity for stirring 
1995) emulsification) 
1' osmotic pressure • 1' porosity 
(Han et al. 2001, Zhang • 1' water intake 
et al. 2003) 
2.2.3.2 Effects on Encapsulation Efficiency 
1' particle size 
This section intends to underline the effects on encapsulation efficiency that have already been 
studied in previous papers, in order to explain and justify the choices in the experimental 
section of this work. 
In Herrmann & Bodmeier (1995) they found that increasing the amount of polymer increased 
the encapsulation efficiency since it increases the viscosity of the primary W/0 emulsion. This 
stabilizes the internal aqueous phase against coalescence and reduced mixing with the outer 
phase and hence drug loss outward. In Ghaderi et al. (1996) they attribute the increasing 
encapsulation efficiency when the PLGA concentration is higher to a shorter time for reaching 
solidification. 
it is possible to use two types of the same PLGA polymer (with the same lactic/glycolic ratio): 
they are referred in Jaklenec et al. (2008) us "uncapped" and "capped". If the PLGA is provided 
by Boheringer lngelheim, the "uncapped" is indicated by using an H at the end (e.g. 503H), it 
means it has a carboxylic acid chain, while a "capped" (e.g. 503) has not. This chain is 
important when encapsulating proteins: it enhances the polymer-protein interaction and it better 
internalizes them (Jaklenec et al. 2008). 
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Smaller particle size means larger interfacial area so the drug has more chance to diffuse into 
the water phase. At the same time if the particles are smaller, the distance between the drug 
and the surface is shorter (Liu et al. 2005b). On the other hand, as outlined also in AI-Maaieh & 
Flanagan (2001 ), smaller particles are expected to harden faster because of their larger surface 
area/ volume ratio. This may impact the structure of the polymer matrix and the distribution of 
drug within the particle. Berkland et al. (2003) produced particles from 0/W emulsions and they 
found that smaller particles entrap more and the drug is more evenly distributed. Interestingly, 
the dependence of the encapsulation efficiency with particle size is a characteristic of particles 
obtained by membrane emulsification. Liu et al. (2006) produced encapsulated particles by a 
simple stirring method. Despite the bigger size obtained, the encapsulation efficiency was 
lower. This confirmed that the membrane emulsification technique is more efficient for 
encapsulating since less breakage of droplets occurs. 
In Table 2.2.3-2 these points are summarized. 
Table 2.2·2 Effects of PLGA concentration and particle diameter as presented in the 
literature 
• t viscosity 
t PLGA concentration 
(Herrmann & Bodemeier • ! solvent amount 
1995, Ghaderi et al. 1996) hence ! porosity 
• ! interfacial area t encapsulation efficiency 
hence less chance for the drug 
to diffuse 
• t distance from the 
t particle diameter centre to the boundary 
(Liu et al. 2005b, AI-
• ! interfacial area 
Maaieh & Flanagan 2001, hence less chance for the 
Berkland et al. 2003, Liu et DCM to diffuse out ! encapsulation efficiency 
al. 2006) hence longer solidification time 
There are different points of view on the effect of salt and different osmotic pressure. As shown 
in Han et al. (2001 ), an influx of water driven by a higher salt concentration in the inner phase 
than of the outer phase may cause the formation of pores which will be a preferential way out 
for the encapsulated water phase. They found that when the osmotic pressure difference was 
higher, the encapsulation efficiency was lower due to outgoing of phase ~hrough the pores. In 
Pean et al. (1998) PLGA particles were produced with a double emulsification-solvent 
extraction technique to encapsulate proteins. They studied the effect of salt and different 
lactic/glycolic acid ratio on surface morphology and drug release. There is no salt in the inner 
water phase. Their results show that when no salt is used also in the outer phase, the particle 
surface is highly porous independently to the kind of PLGA used. This external structure and 
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the hydrophilisation of the intraparticular pores by the entrapped proteins acting as wetting 
agent facilitated the water exchange between the matrix and the external medium. The addition 
of NaCI induces a water out-flow from the internal phase through the polymer layer which acts 
as a diffusion barrier between the two aqueous phases and apparently stops the drug. The 
internal cavities become smaller and the particles appear denser. This behaviour was 
encountered when PLGA with low lactic composition was used. Depending on the lactic acid 
amount and on how the polymerisation was initiated, the polymer can show an overall more 
marked hydrophobicity. If a higher amount of lactic acid is used then the PLGA is overall less 
hydrophobic and the structure is too weak to prevent the fast penetration of the water. 
Furthermore, polymer concentration, size of particles and osmotic pressure do not act 
independently on the encapsulation efficiency. For example, the effect of the particle size on the 
encapsulation efficiency is more visible when the PLGA concentration is low and an osmotic 
pressure is present. 
2.2.3.3 Further Effects Not Investigated in This Study 
Together with particle size, polymer concentration and osmotic pressure, there are many other 
factors influencing the particle properties (Freiberg & Zhu 2004, Jang & Shea 2006). They will 
not be all considered in this research, here is a brief review of those which have been 
extensively investigated in previous studies. 
Oil Soluble Emulsifier Effect 
To prepare uniform double emulsions is more difficult than single ones because the system is 
more complex and there are more influencing factors. lt is important that the primary emulsion 
is stable without using a large amount of oil-soluble emulsifier since it may wet the membrane 
leading to a wider size distribution. When using an emulsifier, the inner water droplets are 
smaller and this enhances the possibility of their diffusion to the external phase lowering the 
entrapment efficiency. The presence of an emulsifier in the oil phase influences the release too, 
inducing a higher burst effect. The emulsifier modifies the distribution of the drug inside the 
particle causing an increased localisation of the incorporated substance at the surface of the 
microsphere (Ghaderi et al. 1996). 
Inner Water Effect 
In (Ghaderi et al. 1996) they found that the inner water volume does not affect the particle size 
although the presence of inner water altogether leads to bigger particles if compared with fully 
solid ones (lto & Makino 2004). The surface morphology and the encapsulation efficiency are 
affected by changes in encapsulated water volume. The number of holes increases with 
increasing internal phase volume. If a low concentration of PLGA is used, an increase in inner 
water phase leads to a decrease in encapsulation efficiency (Ghaderi et al. 1996, Fu et al. 
2000), while when higher PLGA concentration are used, this factor is not important anymore 
(Ghaderi et al. 1996). Differently, considering the drug release, the inner water amount has an 
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effect also when high PLGA concentrations are used. The release increased with increasing 
internal aqueous volume due to a higher porosity. 
2.2.4 PLGA Degradation and Release Mechanisms 
Drug release from PLGA is possible through three mechanisms: firstly the release medium 
penetrates into microsphere pores and subsequently the drug diffuses out of the microspheres; 
in a third stage the drug is released as result of polymer degradation. As a result of these, the 
cumulative drug release curve presents three regions: a fast release called "burst effect" 
followed by a slower one, called "lag time" and finally a faster one again until drug completion 
(Liu et al. 2005b}. 
During the initial phase, drug particles at the surface of the microspheres are dissolved by the 
penetrating water front and released by diffusion. In Lee et al. (2002) the plot of cumulative 
release percentage versus the square root of time for this period yielded a linear profile 
indicating a diffusion controlled release mechanism. The initial burst is widely believed to be the 
result of rapid release of drug from the microsphere surface, whereas the depletion of drug at 
the surface causes the cessation of initial burst. AI-Maaieh and Flanagan (2001) set as the end 
of the release due entirely to diffusion around the 10th day. 
As confirmed by Wang et al. (2002), usually after the initial burst, microspheres tend to have a 
very slow (close to none) release period. As shown in Pistel et al. (1999), the water soluble drug 
molecules located at inner areas of the microspheres cannot be released from the lipophilic 
polymer matrix, since at this point of time no corresponding water filled pores are formed. This 
period may last for day or weeks and it is called "lag-time" or induction period. lt lasts until 
extensive degradation of the polymer occurs. 
The PLGA undergoes hydrolysis, and it degrades autocatalytically in acidic environments. The 
remaining drug may then diffuse out of the more porous polymer matrix (Cieland 1998). The 
erosion of polymer matrixes is usually classified into two categories: bulk (or homogeneous) 
erosion and surface (or heterogeneous) erosion. In bulk erosion, the size of the microsphere is 
almost constant, and the external fluid penetrates into the microsphere throughout which the 
erosion of the polymer takes place. In the surface erosion of a microsphere, the erosion of the 
polymer is largely confined at the external boundary which causes the size of the microsphere 
to decrease gradually. This two different behaviours have been nicely represented by 
Burkersoda et al. (2002) in Figure 2.2.4-1. lt has been proposed that which scheme the erosion 
of a polymer matrix adopts depends on the relative rates of water diffusion into the interior of 
the device and the degradation of the functional groups of the polymer (Zhang et al. 2003). 
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Figure 2.2-3 Visible differences in degradation when a polymer undergoes surface 
erosion or bulk erosion as presented in (Burkersroda, Schedl & Gopferich 
2002) 
(Eniola & Hammer 2005, Dai et al. 2005, Cleland 1998, Burkersroda et al. 2002, Chiu et al. 
1995, Zolnik & Burgess, 2007) state that PLA and PLGA are well known for bulk degrading. The 
kind of degradation the polymers undergo depends on many factors: copolymer composition, 
autocatalysis by acidic degradation products inside the matrix and the presence of the drug. 
When degrading in neutral or acidic environment, all matrices show the same principal erosion 
behaviour, the polymer take up a significant amount of water even before the onset of erosion is 
reached. They do not see swelling though; hence apparently the matrices take up water 
homogeneously and cause the polymer matrix to degrade. This causes the pH to decrease 
inside and the autocatalysis to start. In Fu et al. (2000} they showed and measured the pH 
distribution within the particles during the release and for different particle size. The pH within 
particles of 40 micron is as low as pH=1.5. The outer side of the polymer is kept neutral by the 
buffer so a pH gradient develops that slows down the degradation rate of the surface if 
compared to the bulk phase. The build-up of osmotic pressure, due to the degradation 
products, causes the surface to break up giving the phenomena of percolation. Apparently the 
uptake of water is due to osmotic pressure created by the degradation products which attracts 
water. Bulk eroding polymers are completely intruded by water prior to the start of erosion (Dai 
et al. 2005}. The water intake and opening of pores was noticed also by Chiu et al. (1995} and 
Raman et al. (2005}, they measure the change of diffusivity as an effect of the change in 
morphology and depending on the encapsulated drug it varies between 1 E-11 and 1 E-9 
(expressed in cgs units} in 4 weeks. Once the degradation is conducted in basic environment 
the behaviour changes drastically and PLA and PLGA assume the typical erosion pattern linked 
to surface erosion (Burkersroda et al. 2002}. Most of these researchers focused on 
encapsulation by single emulsion. Katzhender (1997} while modelling the drug release from 
erodible tablets considers water-insoluble polymers solubilised by hydrolysis and hydrophilic 
drugs. They found that, if the drug is water soluble, then the release follows primarily a swelling-
controlled diffusion process. 
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2.2.4.1 Effects on Drug Release 
Some kinds of drugs require a zero order release but some of them prefer a non constant one, 
for example intermittent doses of antibiotics may alleviate evolution of resistant bacteria and 
discontinuous administration of vaccines often enhances the immune response. Burst release 
can lead to toxicity or side effect if the drug is potent or it has a narrow therapeutic window. To 
avoid this, previous studies tried to: use chemistry adding co-polymers with hydrophilic regions 
(Pistel et al. 1999, Lee et al. 2002), variation of particle parameters (Yang et al. 2000, Berkland 
et al. 2002, Berkland et al. 2003, Chiu et al. 1995, Bezemer et al. 2000c), coating and 
conjugation of drug to the polymer matrix (Chiu et al. 1995). 
As summarized in Yang et al. (2000), initial release depends on the ability of the polymer matrix 
to encapsulate the drug, making diffusion difficult. Increase in polymer concentration or polymer 
molecular mass have the effect of increasing the speed at which the polymer solidifies. Faster 
solidification of the polymer means a better entrapment of the drug or protein thus reducing 
initial release, which is expected. Increase in drug loading on the other hand has the effect of 
increasing the surface embedded drug molecules and thus increasing the burst. 
Also Ghaderi et al. (1996) found that a stronger burst effect was observed with the lowest PLG 
concentration. They link the lower PLG concentration to smaller particles size, hence a higher 
area/volume ratio. 
Table 2.2-3 Scheme to represent the effect on initial drug release as reported in the 
literature 
t PLGA concentration and t particle size 
molecular weight t harden rate 
(Yang et al. 2000, Ghaderi et hence t entrapment 
al. 1996) 
t particle size 
(Dunne et al. 2000, Berkland 
et al. 2004, Varde & Pack 
2007, Berkland et al. 2002, !volume/area ratio ! initial release 
Pollauf et al. 2005, Berkland 
et al. 2003, Raman et al. 
2005, Siepmann et al. 2004) 
! drug loading ! drug embedded on the surface 
(Siepmann et al. 2004) (when oil soluble drug is used) 
! osmotic pressure ! pore formation 
(Siepmann et al. 2004) 
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In Dunne et al. (2000) the degradation of the different devices followed the order 
plates>beads>microspheres>films, hence the size of microparticles could influence their 
degradation behaviour. Berkland and Pack's group (Berkland et al. 2004, Varde & Pack 2007, 
Berkland et al. 2002, Pollauf et al. 2005, Berkland et al. 2003, Raman et al. 2005) are able to 
produce extremely monosized particles of various size so that it is possible to analyze its effect 
on the drug release. They encapsulate both an hydrophilic and an hydrophobic drug starting 
from a single emulsion. In both cases, bigger particles (over 40 microns in diameter) present a 
sigmoid (or :E pattern) profile of release while 20 and 10 microns particles have got a concave-
downward shape typical of diffusion-controlled release. A sigmoid shape represents an initially 
slow release which then progresses more rapidly before levelling off. For this triphasic release, 
the drug or protein initially diffuses from the surface. As particle size increases, surface area/ 
volume ratio decreases, this decreases both buffer penetration and the release of degradation 
products. Hence larger particles exhibit a more acidic intrapolymer pH environment and 
degrade (and release) more rapidly. On the other hand, because the mechanism of drug 
release is typical diffusion through the polymer phase or through aqueous-filled pores, a lower 
surface area/ volume ratio translates in lower release when diffusion is the controlling 
mechanism. For Berkland et al. (2002) smaller particles release quicker. Together with these 
effects, particle size influences also drug portioning. In big particles the drug tends to be 
distributed just under the surface. This same behaviour (bigger particles, quicker release) was 
reported by Siepmann et al. (2004). 
The porosity also plays a role during the release: increasing porosity can lead to increased 
apparent diffusion coefficients of the involved species and thus to increased acid neutralization 
rates. After seeing that bigger particles means also higher initial loading (for a S/ONJ if the 
particle is not big enough, many crystals cannot be included), Siepmann et al. (2004) reaches a 
conclusion: with increasing initial drug loading the internal porosity of the microparticles upon 
drug depletion increases, resulting in increased apparent drug diffusivities and thus increased 
drug release rates. This "drug loading" effect counteracts the "increased diffusion path length" 
effect. 
Figure 2.2.4-3 and Figure 2.2.4-4 highlight how the same characteristics may have different 
effects on the release. Choosing which pattern prevails is the drug encapsulated and all the 
effects playing together. The result is a compromise. lt is important to notice how to certain 
extent it is possible to operate on the initial and following release by changing the system 
features. In Berkland et al. (2002) they obtain a zero order release by engineered mixing 
particles of different sizes. They find that the intermediate curve profile correspond to a mass-
weighted linear combination of the individual release profiles. 
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Figure 2.2-4 Schematic representation of the influence of particle size on the drug 
release following the initial phase as results from the literature (Dunne et 
al. 2000, Berkland et al. 2004, Varde & Pack 2007, Berkland et al. 2002, 
Pollauf et al. 2005, Berkland et al. 2003, Raman et al. 2005, Siepmann et al. 
2004) 
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Figure 2.2-5 Contrasting effect of porosity on release as reported by the literature 
(Dunne et al. 2000, Berkland et al. 2004, Varde & Pack 2007, Berkland et al. 2002, 
Pollauf et al. 2005, Berkland et al. 2003, Raman et al. 2005, Slepmann et al. 2004) 
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3 Modelling 
3.1 Droplet Size 
There are two possible approaches for predicting the droplet size at the moment of detachment: 
microscopic modelling such as CFD or surface free-energy minimization, and overall balances, 
either torque (Peng & Williams 1998, De Luca et al. 2006) or force (Peng & Williams 1998, 
Kosvintsev et al. 2005). Here, the force balance approach has been chosen. 
As thoroughly previously reported (Schroder et al. 1998, Peng & Williams 1998, Rayner et al. 
2004) there are a number of forces acting on a growing droplet from a porous membrane. Of all 
these forces, though, the retaining Capillary force, Fca. and its antagonist Drag force, F0 , are 
the most influencing. For the droplet size of current interest, the Buoyancy force does not affect 
the system. 
The expression for the capillary force has been modified to consider the neck formed before the 
droplet detachment introducing another force called Static force, Fstat (Schroder et al. 1998, Xu 
et al. 2005). As shown by Xu et al. (2005), there is a static pressure difference between the 
inside and outside of the droplet which can be expressed as in Equation 3.1-1 
4y 1l' 2 
f'.tat =--dp 
dd 4 
Eq. 3.1-1 
where the neck diameter is approximated to the membrane pore diameter, y is the interfacial 
tension, dd is the droplet diameter and dp is the pore diameter. 
The interfacial tension equation is: 
Eq. 3.1-2 
lt is possible to modify the Capillary force in order to consider the neck (Schroder et al. 1998, 
Xu et al. 2005) 
F"' - F,m ~ 1Td ,r( 1- ~: ) Eq. 3.1-3 
In Figure 3.1-1 the differences between the two forces are represented. If the neck is 
considered the retaining capillary force is less strong. The sign of the force becomes positive for 
droplets greater than the pore size and it tends to the full value for big droplet values. When the 
droplet size is in a region close to the pore diameter, the expression considering the neck 
underestimates the prediction too much, hence it is not suitable. In this case it is preferable to 
use for Capillary force the expression in Eq. 3.1-2. 
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Figure 3.1-1 Comparison between the two expressions for the Capillary Force 
The expression for the drag force is based on Stoke's drag 
FD = 37rkwt11cantvdd Eq. 3.1-4 
Where the velocity profile along the boundary layer next to the membrane is considered varying 
exponentially and it can expressed as 
D ( D)( b )
0
'
036 
o.u6 Re 
'"rrans =- ·1.23 0.57 + 0.35.- - nb 
2 T T 1000 + 1.43Re 
Re= PcantroD
2 
2n1Jcant 
8= 
with: 
1J coni 
P cant(J) 
llcont is the viscosity of the continuous phase, 
w is the rotation speed of the agitator in rad/s, 
Pcont is the density of the continuous phase 
o is the constant of Landau-Lifshitz 
Eq. 3.1-5 
Eq. 3.1-6 
Eq. 3.1-7 
Eq. 3.1-8 
The expression for the velocity considers the boundary layer, Equation 3.1-5, at the membrane 
surface. lt has been shown in Kosvintsev et al. (2005) and originally in Nagata (1975) the 
existence of a transitional radius, Equation 3.1-6, the radius at which the shear reaches its 
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maximum and where the rotation changes from forced vortex to a free vortex, see Figure 3.1-
2a. 
The shear stress at the membrane surface can be expressed as: 
for r ~ rtrans Eq. 3.1-9 
for r;::: rtrans rtrans ( )
0
·
6 1 
'l' = 0.8251Jcont(Ortrans -r- 8 Eq. 3.1-10 
Equations 3.1-9 and 3.1-10 become the same when r=rtrans to give the peak shear stress~ 
D ( ) 
T 
a b 
Figure 3.1-2 {a) shear stress profile and transitional radius inside the Dispersion Cell 
and (b) schematic representation of the paddle agitator 
This area is believed to be the most active for droplet generation, the droplets subjected to a 
higher shear detach quickly hence they are produced with more frequency (Kosvintsev et al. 
2005). Using this radius in the equation leads to the highest drag force, while in reality there is a 
range of shears hence a range of drag forces. In Kosvintsev et al (2005) it has been shown how 
a non-uniform shear pattern leads to a narrow droplet distribution although it is believed that a 
uniform one is required to produce uniform droplets (Williams et al. 1998). In the expression for 
the transitional radius D, T, b and nb are typical of the geometry of the cell: D is the paddle 
width, T is the cell width, b is the paddle height and nb is the number of blades of the paddle, 
see Figure 3.1-2b. As shown in Cheng, Woo (Loughborough University R&D project report) the 
distance between the paddle and the membrane surface is not significant as in the un-baffled 
cell the belief is that the liquid is in "solid body" motion below the stirrer, hence the forced 
vortex. The clearance used here is 7 mm while the generated droplets reach a maximum of a 
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few hundred !Jm. Cheng and Woo (Loughborough University R&D project report) show that a 
clearance of 6 or 7.8 mm gives the same droplet size. 
The term kwl is a correction factor to add to consider the effect of the walls in the motion of a 
droplet and it is calculated in Keh & Chen (2001). The required parameters are: a/b, b/(b+c) and 
11*· a is the droplet radius, b is the distance from the centre of the droplet to the bottom wall, c is 
the distance from the centre of the droplet to the upper wall. In these calculations the bottom 
wall is the membrane itself, the upper wall is the top of the cell and the droplet is considered to 
be lying on top of the membrane since our calculations are about the detachment phase. The 
term 11* is the non dimensional expression of the relative viscosity of the system. The values for 
the system used here are: 
TJ* = TJsunfloweroi/ = 6.4£-2 = 64 
TJ water 1£ - 3 
a 
-=1 b 
b --~0 
b+c 
Eq. 3.1-11 
Eq. 3.1-12 
Eq. 3.1-13 
From the range of conditions available in the paper, kw1 was taken when 1')*=10, a/b=0.999 and 
b/(b+c)=0.25. Hence kwl=3.4926. 
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Figure 3.1-3 Numerical solution for force balance to calculate the droplet size for a 40 
J.Jm membrane diameter at an agitation speed of 12 rad/s 
The force balance of Equation 3.1-3 (or 3.1-2) and Equation 3.1-4 gives the droplet diameter. lt 
cannot be solved analytically. lt was solved numerically by the use of the software Maple (v11 ). 
A representation of the graphic solution is shown in Figure 3.1-3. The continuous line is the 
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Capillary force at different droplet diameters, while the dotted line is the Drag force. Where they 
intersect is the point of equilibrium and it gives the prediction for the resulting droplet diameter. 
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Figure 3.1-4 Visualization of the effects of membrane pore diameter and agitation 
speed on droplet size prediction 
Through the same kind of representation it is possible to see the effects of operating conditions 
on the produced droplets, Figure 3.1-4. Considering a membrane pore size of 40 !Jm, the 
prediction for droplets obtained by an agitation of 40 rad/s is 3.6 times smaller than that one for 
droplets obtained with an agitation of 12 rad/s. Considering instead the same agitation speed, 
for example 12 rad/s, the prediction when using a 20 IJm membrane is 1.5 times smaller than 
when using a 40 IJm membrane pore. 
As noted also by Abrahamse et al. (2002) and Zhu & Barrow (2005), when droplets are able to 
touch and they are stable enough not to coalesce another factor becomes important and it has 
been referred to as "push off' force. The logic behind the push-off force comes from a 
consideration of an energy balance of the emerging drops, an approach that has been 
suggested previously and solved using a numerical solver based on the surface evolver 
software (Rayner et al. 2004). In this previous work the energy of a single emerging drop was 
considered and determined for the situation when it was more energetically favourable for the 
drop to exist as a separate drop detached from the membrane. The approach adopted here is 
to develop an analytical equation for the drop diameter of the spherical drop formed after 
detachment where that detachment is in part due to the presence of other drops and then to 
solve the equation using a standard mathematical iterative package. When a growing droplet 
touches the neighbour drops, it deforms, Figure 3.1-5. This elongated shape is less stable than 
the spherical so a force is created to bring back the original shape. This force acts against the 
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capillary and it will be shown in section 5.1.3 that it is more important when no shear is applied 
or when the pores are close enough to each other. lt is a characteristic factor of the kind of 
membrane used since the pores are distributed in a very regular array and the droplets touch at 
regular distance. Each drop is surrounded by four neighbours, which exert a force on the 
central emerging drop causing it to deform. Hence, if the force exerted by each neighbour is 
Foff: 
Eq. 3.1-14 
where dx is the distance along the path of the force, y is the interfacial tension and dA is the 
change in area which at the point of interest will be the change in area due to the fonnation of 
an ellipsoid rather than a spherical drop. The point of interest is the spherical drop size at which 
the drop detaches from the membrane, as this will be the drop size of the fanned emulsion. 
This diameter is bigger than the ellipsoid diameter, so it is necessary to relate the ellipsoid 
diameter formed at the membrane surface with the spherical drop diameter which is measured 
after detachment. 
As a consequence of Pascal's principle, Figure 3.1-5, the pressure inside a deformed drop is 
unifonn. This allows us to write a force balance between the Capillary force attaching the drops 
to the membrane pre and a net detachment force, Fpustt-off, operating in the vertical direction and 
causing the droplet to detach, Figure 3.1-5. 
Eq. 3.1-15 
where dz is the defonnation of the ellipsoid, from a sphere, in the vertical direction. The 
modelling approach depends on predicting the area increase due to the defonning drop. Using 
conservation of mass, the change in area due to the deforming drop is: 
M= (sell -Ssph) Eq. 3.1-16 
The surface area of a sphere is: 
Eq. 3.1-17 
The surface area of an ellipsoid is: 
_ n ( D ~1 arcs in(~ D :u - L 2 ID eu )J Seu --L L+ ~ 2 D2 -L2 ell Eq. 3.1-18 
Considering the volumes of a sphere and ellipsoid, the equation relating the diameter of an 
ellipsoid to the diameter of a sphere of equal volume is 
d3 
Deu = L~ 
Where Lis the inter-pore distance and Den is the ellipsoid diameter, Figure 3.1-5. 
Eq. 3.1-19 
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When calculating the surface areas, a surface area of the neck should be removed from the 
entire surface area San in Equation 3.1-18, see Figure 3.1-5 for an illustration of the neck region. 
As shown in Equation 3.1-1 the static pressure force has an influence in determining the final 
drop size. For the mathematical analysis of this section it has been neglected as the information 
on the neck unknown. Due to the pore diameter, the neck will be less than 20 f.Jm while the 
droplets generated in absence of shear due to only push off force will be in the region of 200 
f.Jm. Hence, not including the static pressure force should provide an error of less than 10%. 
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Figure 3.1-5 Schematic representation of droplet deformations due to the surrounding 
drops G=Fpush off and D=dd for this figure. 
Using the equations 3.1-15, 16, and 17 in 3.1-14: 
1 [ d 6 arcsin(L2 ~ d 6 jL4 :.... L2 jd 3 )] M=-n L2 -2d~ + a a a 
2 L~d; -L6 Eq. 3.1-20 
Using Equation 3.1-20 in 3.1-14 it is possible to express Fpush-off as: 
Eq. 3.1-21 
Therefore, when it is needed to take into account the effect of the adjacent droplets, the force 
balance to solve is given by combining equation3.1-3 (or 3.1-2), 3.1-4 and 3.1-21: 
Eq. 3.1-22 
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When no shear is applied, the droplet is the result of the Capillary force acting against the 
Push-off force. In Figure 3.1-6 it is shown how important is the distance between the pores. The 
modulus of the Capillary force for a membrane pore diameter of 20 !Jm is plotted at different 
droplet diameters, as a continuous line. The modulus of the push off force is the dotted line, 
when the pore spacing is 200 1-1m and 80 !Jm. lt is possible to notice the two different 
interceptions representing the two model predictions. The crossover between the push off force 
when L is 80 !Jm and 200 !Jm is due to the nature of the push off force. Once the droplet is so 
deformed to become a cylinder, the push off reaches a maximum. At a distance between the 
pores of 80 !Jm, a droplet of a diameter of 200 !Jm is extremely deformed. 
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Figure 3.1-6 Force balance between the Capillary force and the Push-off force .for a 
membrane with 20 pm pore diameter and pore spacing of 80 or 200 !Jm 
when no shear is applied 
When shear is applied the effect of the push off depends more strongly on the pore distance 
and on the agitation speed. Considering Figure 3.1-7, the two continuous lines represent the 
modulus of the force balance between Capillary force and Drag force when the pore membrane 
diameter is 20 !Jm and the agitation speed is 12 rad/s, 54 rad/s and 97 rad/s. When those lines 
intersect the x axis, that is the predicted droplet diameter. If then also the push off contribution 
is considered, the new prediction is when the continuous lines intersect the dotted lines. 
Starting from the balance at 12 rad/s, it is possible to see that a bigger effect is visible when the 
pore distance is 80 !Jm since the predicted droplet diameter is far smaller. At higher agitation, 
97 rad/s, there is no contribution of the push off force since the prediction is anyway below the 
droplet size at which the latter becomes important. 
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Figure 3.1-7 Force balance including push off, different agitation speed and pore 
spacing, for a 20 IJm membrane pore diameter 
In Table 3.1-1 the data used for the actual calculations are summarized. The interfacial tension 
was experimentally determined by the platinum ring method. 
Table 3.1-1 Data used for the calculation to compare the model with the experimental 
results for sunflower oil in water 
D= 2.4 cm L= 80 and 200 IJm 
T= 3.5cm dp= 7, 20, 40 and 60 1-1m 
b= 1.2 cm Pcont= 1000 kgtm3 
nb= 2 llcont= 1 cP 
w= from 12 to 160 rad/s v= 6.8 mN/m 
3.2 Drug Release 
There have been several studies modelling the release. The first part of release is commonly 
considered diffusion controlled (Bezemer et al. 2000b, Cleland 1998, Chiu et al. 1995, Raman 
et al. 2005, Bezemer et al. 2000a). Also, in Katzhendler et al. (1997), they show that if the drug 
is water soluble, the release from erodible tablets follows primarily a swelling-controlled 
diffusion process. Most of the previous studies consider a variation of the diffusivity coefficient 
rather than the variation of particle size. As the degradation proceeds, the molecular weight 
decreases and the diffusivity coefficient increases, employing a bulk erosion system (Bezemer 
et al. 2000b, Raman et al. 2005, Bezemer et al. 2000a). In the work reported here, the gradual 
change in size and particle morphology, see Section 6.3.1, seems to suggest the co existence 
of a surface erosion activity together with bulk erosion. The information about the changes in 
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size during release generates two possible approaches for the modelling of the release 
behaviour. Firstly, it is possible to couple a diffusion based model for the first part with a 
shrinking core model for the release during the degradation of the particles. Another option is to 
consider the change in size of the particles both during the swelling and during the shrinking 
due to degradation, using in both cases a diffusion equation with a constant diffusivity. 
For the diffusion based model the equations used are: 
Bq =-1 ~(n ·r2 Bq) 
Bt r 2 Br •.If Br 
db= 3·De.ff 8q (@r=R) 
dt r Br 
dmb db 
--=--·m dt d! particle 
Initial and boundary conditions: 
q(t= 0) = 0.008 
b(t = 0) = 0.008 
mb(t=O)=O 
8q =0 
8r Jr=O 
q(r = R)=O 
Where: 
Eq. 3.2·1 
Eq. 3.2-2 
Eq. 3.2-3 
q is the concentration of blue dextran expressed as grams of blue dextran encapsulated divided 
by grams of total particle, 0.008 corresponds to 3000 ppm of blue in the initial inner water 
phase. For each set of data the encapsulation efficiency is considered, so the boundary 
conditions are not going to be 0.008 but lower and different for each situation, according to the 
encapsulation efficiency. De" is the effective diffusion coefficient chosen initially as 1e-15 cm2/s 
at the beginning of the tests, but then altered iteratively to improve the data-model agreement, 
R is the radius of the particle, mparticte is the total mass of the particles, b is the average 
concentration of blue inside the particle, mb is the mass of blue found in the PBS solution. R is 
expressed as an equation to consider the change in size. The particle radius in cm, 
experimentally measured during the release, was plotted against the time of release in 
seconds; a trend line was considered splitting the process in two, swelling and degradation, see 
Figure 6.3-17 as an example. The system was solved by using the software PDESOL 
(Numerica, USA), running on an XP operating system on a PC. 
To consider the variation in size, together with the equation to link the variation of radius with 
time, PDESOL requires the spatial parameters over which calculate the points. The full process 
(swelling and degradation) was divided into steps of equal variation in size. For each step after 
the first, the initial conditions were varied consequently with the results obtained from the 
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previous. As an example the initial condition for the first three steps, corresponding to the 
swelling period, are given in Table 3.2-1. 
Table 3.2-1 Initial conditions set at the beginning of the first three steps 
step 1 2 3 
radius variation, cm 
from 0.002431 0.002844 0.003257 
to 0.002844 0.003257 0.00367 
average 0.002638 0.003051 0.003464 
time interval, s 
from 0 544000 957000 
to 544000 957000 1370000 
initial conditions: 
q, g/g 0.005763 0.005636 0.005723 
b, g/g 0.005763 0.005636 0.005723 
mb,g 0 0.000136 0.000043 
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Figure 3.2-1 Profile of blue dextran concentration, q, inside the particles during the 
swelling period divided into three steps 
The concentration q was set to be equal to the average concentration across the particle. This 
is possible only if the profile of q is flat inside the particle and this is confirmed, as it is possible 
to see in Figure 3.2-1. The diffusion coefficient used in this calculation is 0=5*1 0"15 cm2/s. Such 
a low diffusion coefficient causes no variation of concentration inside the particles, and it drops 
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just at the boundary with the phase being the value of q at r=R fixed. For each step the particle 
size is fixed to be the average between the initial and the final particle size. 
The same set of equations attempted to model the release during degradation of the particles. 
The main issue is in Equation 3.2-3 where the mass of particles is present. During swelling 
there is a change in size but not in mass of PLGA particles while during the degradation phase 
also the mass of the particles changes with time. Together with this, many researchers 
introduce a variable diffusion coefficient to take into account the variation in inner morphology 
due to bulk degradation. Figure 3.2-2 shows the approach shown so far for the degradation 
phase is not suitable: 
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Figure 3.2-2 Model prediction based on diffusion considering mass of particles and 
diffusion coefficient constant during the degradation period 
lt is possible to see in Figure 3.2-2, instead of levelling off, the predicted rate of release 
increases. As it will be shown when comparing with the data, section 6.3.3, a diffusion based 
model may be suitable for the initial swelling period but it cannot be used for the degradation 
period without taking into account the changes in mass and diffusion coefficient. 
The shrinking core model is derived starting from: 
Vdc8 = dm8 
dt dt 
Eq. 3.2-4 
that is that the variation of mass of blue dextran with time outside the particles is equal to the 
variation of concentration with the outer volume fixed. 
Considering the diffusion out of the particles: 
42 
3- Modelling 
dmB ( • ) 
-dt = Dshrink.coreA CB -CB Eq. 3.2-5 
where Dshrlnk.core is the diffusivity constant, A is the particle surface area, c6 is the outer blue 
dextran concentration and c6* is the inner blue dextran concentration. As cs*=3000 ppm and cs 
is not greater than 10 ppm, the first assumption is: 
Eq. 3.2·6 
The second assumption is to consider the mass of blue dextran proportional to the mass of 
particles. That is, assume that each particle carries the same amount of inner water phase and 
there are no empty particles. Because of the experimental conditions, this assumption is valid 
and the mass of blue dextran can be expressed as: 
where m is the total mass of all the particles, hence: 
m=N·m p 
where N is the number of particles and mp is the mass of a single one. 
lt is possible to calculate N from the emulsification data: 
N =discontinuous phasevolume = lOml· 6 
droplet volume n · d~ 
Eq. 3.2-7 
Eq. 3.2-8 
Eq. 3.2-9 
This equation is based on the assumption of monosized emulsion, so that all the droplets have 
the same size. The droplet diameter is used rather than the particle diameter since they differ 
for the amount of shrinkage due to solvent removal. 
nd3 
p 
mP =-6-·pP Eq. 3.2-10 
where dp is the particle diameter and PP is the polymer density equal to 1.22 g cm·3 for PLGA. 
A can be expressed as 
A= .i.v =.i..!!!.... = 6mB 
dP P dP pP adPpP 
Eq. 3.2-11 
Where Vp is the total particle volume, different from the discontinuous phase volume due to 
solvent evaporation during production and porosity. a is the proportional constant in Equation 
3.2-7 and it corresponds to q used in the diffusion model. 
So, using Equation 3.2-6 and 3.2-11 in 3.2-5: 
- dm B = D 6mB c • 
dt shrink.core d B a pPp 
Eq. 3.2-12 
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By combining Equation 3.2-7, 8 and 10 it is possible to express dp as a function of me and 
substitute it in 3.2-12: 
I 
d -(m8 ·6J3 P- aNnpP Eq. 3.2-13 
Eq. 3.2-14 
From the Frossling equation, for very small particles 
I 
Sh = 2 Dshrink.coredp _ _ 2D _ (aNnpp J3 ____ :....- 2 Dshrink.core - - 2D --~ 
D dP 6m8 
Eq. 3.2-15 
D is the coefficient of diffusivity which best fits in this situation and it is taken equal to 1e-13 
cm2/s. Using equation 3.2-15 in 3.2-14 and doing the substation as shown in 3.2-16 it is 
possible to obtain an equation to be solved by solving the integral in equation 3.2-17: 
1 
( 6 J3 3. f3=2·D·c* -- ·(n·Nh pP·a Eq. 3.2-16 
m81 I t 
- J m/ dm 8 = J dt Eq. 3.2-17 
mao 0 
Where meo is the blue dextran inside the particle at t=O and met is the blue dextran in the 
particle after a time t. The final form for the shrinking core model is shown in equation 3.2-18: 
[ 
3. 2 ]% 
m = m 3 --·fJ·t Bt BO 3 Eq. 3.2-18 
Equation 3.2-18 gives the amount of blue dextran inside the particles as release proceeds so to 
compare with the data gathered about the outer presence of blue dextran the following 
expression was used: 
Eq. 3.2-19 
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Prediction based on a diffusion model for the first part and a shrinking 
core model for the second part, two different diffusion coefficient have 
been shown 
Figure 3.2-3 shows the model prediction based on a diffusion model for the initial swelling 
period followed by a shrinking core based model for the degradation. Two different diffusion 
coefficient have been used, 1*10"15 and 5*10-15 cm2/s. for both cases, the concentration profile 
inside the particles is the one shown in Figure 3.2-1. The coefficient of diffusivity used for the 
shrinking core model is in both case 1*10"13 cm2/s. 
The model based on shrinking core cannot be used over long periods of time at low initial 
concentration values since the second part of Equation 3.2-18 becomes bigger than the first 
and the root becomes negative and that is why the lowest curve in Figure 3.2-3 stops earlier 
than the upper one. The shrinking core model does not assume release due to diffusion but 
uniquely due to degradation of the polymer matrix. In section 6.3.3 these predictions are 
compared with the results obtained. 
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4 Experimental 
4.1 Dispersion Cell 
The membrane emulsification device used in this research was the Dispersion Cell, provided by 
Micropore Technologies Ltd, Leicestershire UK. lt is a batch set up in which the discontinuous 
phase is pushed through a flat metal membrane into the continuous phase agitated by a stirrer. 
The system was presented in a few previously published works {Cheng, Woo Loughborough 
University R&D project, Kosvintsev et al. 2005, Stillwell et al. 2007, Dragosavac et al. 2008) and 
other papers have been published using the data that will be presented in this thesis {Gasparini 
et al. 2008, Kosvintsev et al. 2008, Egidi et al. 2008). 
In detail, the Dispersion Cell is made of a poly{tetrafluoroethylene (PTFE) base containing the 
inlet for the discontinuous phase and housing the membrane disc. On top of the membrane, a 
glass cylinder is screwed in to contain the water phase. To provide the shear at the membrane 
surface a two-blade paddle stirrer is governed by a DC motor. Initially the membrane must be 
immersed in the continuous phase to obtain a satisfactorily droplet size distribution 
(Gijsbertsen-Abrahamse et al. 2004, Joscelyne & Tragardh 2000). Once the discontinuous 
phase has evenly filled the space below the membrane, a further injection action causes the 
phase to pass through the membrane and droplets are generated. On top of the membrane 
surface a shear stress is generated by the stirring of the continuous phase and the droplets are 
detached. The stirring also prevents drops coalescence. Once the desired amount of emulsion 
has been produced, the injection is stopped and the droplets are collected. See Figure 4.1-1 for 
a diagram of the system and a schematic of how it works. 
continuous phase 
and emulsion 
membrane 
discontinuous 
P.b~~«:.i..~ 
............ :·~....,"' ~ ov "' 
Figure 4.1-1 Schematic representation of the Dispersion Cell 
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The Dispersion Cell represents an improvement if compared with other membrane 
emulsification methods above all from the point of view of productivity and fouling. Because of 
the kind of membrane used, flat thin layer with straight through channels, the dispersed phase 
flow can be very high, up to 2600 I m-2 h'1• When using the traditional sintered membranes, to 
obtain a higher flux and maintain the same degree of size distribution, premix membrane 
emulsification is required but that affects the economy of the process. Another problem existing 
with sintered membranes is fouling. The cleaning of the membrane used in this research is very 
easy and it restores the initial properties of the membrane (see also Table 4.2-1 b). In sintered 
membranes, only the larger tortuous pores are active (VIadisavljevic & Schubert 2003, 
Abrahamse et al. 2002) so that some time as less as 0.3% of the total membrane surface is 
generating the emulsion. lt will be shown here and it was in Kosvintsev et al. (2005) how even 
where not all of the membrane is constantly involved in producing emulsions but the percentage 
is higher due again to the membrane characteristics. A further benefit of straight channel-like 
pores will be shown in the application in double emulsions. The minimal flow resistance offered 
by these membranes minimises the inner primary emulsion from breakage during its passage, 
minimizing losses and increasing the encapsulation efficiency. In conventional crossflow 
emulsification, shear is provided by recirculating the newly formed emulsion by a pump. This 
represents a risk for breaking the droplets if they are big and not stable enough. In the 
Dispersion Cell the stirrer may break the particles too but only at very high agitation speed and 
for every systems of a certain viscosity. 
The discontinuous phase can be pushed in by a head of liquid (Cheng, Woo Loughborough 
University R&D project report, Kosvintsev et al. 2005), a syringe pump (Gasparini et al. 2008, 
Kosvintsev et al. 2008, Egidi et al. 2008) or a peristaltic pump (Stillwell et al. 2007, Kosvintsev 
et al. 2008, Dragosavac et al. 2008). In Egidi et al. (2008) the syringe and peristaltic pump have 
been compared from the point of view of size and size distribution when producing a sunflower 
oil in water emulsion. The substantial difference between these pumps is the way in which the 
fluid flow is induced. A peristaltic pump gives a semi-continuous and pulsing flow, whilst a 
syringe pump gives a more continuous and smooth injection. The two pumps have different 
optimal function range; the syringe pump is more suitable for very low injections while the 
peristaltic pump can deliver very high injections. When their operating range overlap, for the 
sunflower oil-water system, the two pumps are inter changeable and for systems where the 
physical properties of the two phases are more similar, the syringe pump gives comparable 
results in terms of size distribution, see chapter about PLGA particle production. 
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Specification in term of pores, pore distance, porosity and pore numbers 
of the membranes used in this study 
Membrane Pore Number of Pore Porosity, 
Area, cm/\2 Distance, 11m Pores Diameter, 11m % 
8 200 23094 7 0.11 
20 0.91 
40 3.63 
60 8.16 
80 144338 13 2.39 
20 5.67 
30 12.75 
so 35.43 
An important characteristic of the Dispersion Cell is the membrane. lt is a flat thin disc of nickel 
with a very regular hexagonal array of straight channel-like pores. The pores have all the same 
size and they are regularly distributed across the membrane at the same inter-pore distance, 
see Figure 4.2-1. Different membrane pore diameters and pore distance will be used. See 
Table 4.1-1 for specific values of pore size, pore distance, porosity and number of pores of the 
membranes used in this research. To calculate these values the equations used are the 
following: 
Eq. 4.1-1 
Eq. 4.1-2 
where E is the membrane porosity, dp is the pore diameter, L is the pore distance, n is the pore 
number and Am is the membrane area. 
The Dispersion Cell has been used to produce ONJ emulsions (Cheng, Woo Loughborough 
University R&D project report, Kosvintsev et al. 2005, Stillwell et al. 2007, Kosvintsev et al. 
2008, Egidi et al. 2008, Dragosavac et al. 2008) and as secondary emulsification in W/ONJ 
emulsions (Gasparini et al. 2008). The membrane can be chemically treated to become 
hydrophilic, or hydrophobic, depending on the kind of emulsion to be produced (ONJ or W/0 
respectively). 
There are two main aspects which require maximum attention: the membrane cleaning 
procedure and the presence of air. lt is important to make sure that no air is trapped below the 
membrane or in the to-be-dispersed phase, since in that case that area will not be available for 
the droplet generation and it will mainly influence the droplet distribution. A vortex suppressor 
ring has been added to the stirrer to prevent the air-water interface touching the membrane at 
high agitation speeds. After each emulsification, the membrane has to be thoroughly cleaned. 
Any trace of dispersed phase must be removed to be able to reproduce the same emulsion size 
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and size distribution. However, this process involves an easy cleaning procedure if compared to 
the traditional sintered membranes. 
4.2 Sunflower Oil in Water Emulsions 
In all the experiments used to test the Dispersion Cell before applying it for the particle 
production, the dispersed phase was composed of pure sunflower oil, from the local 
supermarket. The continuous phase was reverse osmosis water, from a Millipore unit, and 2% 
vlv of Tween 20, Acres Organics. 
Generally 10 ml of discontinuous phase were injected in to 150 ml of water. The amount of 
dispersed phase can influence the size and size distribution and it has been studied in 
Dragosavac et al. (2008) where it was shown that for sunflower oil in water a concentration of 
oil up to 60% does not affect the resulting emulsion. Here, this parameter is kept constant 
throughout all the experiments. The oil phase has been injected either by a syringe pump 
(Harvard apparatus model 11 or Palmer, single syringe infusion pump) or a peristaltic pump 
(Watson Marlow 101U). 
Once the required amount of discontinuous phase was injected, the emulsion was collected in a 
beaker and analyzed. Pictures were taken by optical microscope at different magnification and 
the size and size distribution were measured by a laser diffraction instrument, Malvern 
Mastersizer. Other methods have also been used to measure the size and size distribution such 
as the Horiba (Stillwell et al. 2007) and Image J (Stillwell et al. 2007, Gasparini et al. 2008), 
depending on the requirements of the studied system. For this section, all the data about size 
and size distribution comes from the Malvern Mastersizer. The refractive index was taken from 
the Malvern database which considers the system olive oil in water. T~e refractive index is 
1.4564. The data will be presented in terms of span, D(n,0.1 ), D(n,0.5) and D(n,0.9). Of the 
statistical data obtained from the instrument, the number distribution was mainly considered. 
D(n,0.9) is the drop diameter below which 90% of the number distribution exists and it is also 
called 90 percentile, D(n,0.5) is the median diameter and D(n,0.1) is the drop diameter below 
which 10% of the distribution exists. The span is an index of the distribution and it is defined as: 
D(n,0.9)- D(n,O.l) 
span= 
D(n,0.5) Eq 4.2-1 
Conventionally, a span well below 1 represents a monosized emulsion. Sometimes the 
coefficient of variation, CV, is used for the same purpose. There is no direct equation to convert 
span into CV. The equivalent CV value will be presented together with the span for significant 
results. 
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Repetitions using a) nine different membranes with the same 
specifications and same conditions and b) using three different 
membranes and producing three emulsions each membrane with a 
cleaning cycle in between 
span CV% D(n,0.5) rep span CV% D(n,O.S) 
0.7269 28.7 137.66 1-1 0.7269 28.7 137.66 
1.009 38.68 127.2 1-2 0.8017 31.09 136.45 
0.7142 28.27 132.29 1-3 0.8132 31.49 134.61 
0.752 29.72 112.9 average 0.7806 30.43 136.24 
0.8859 34.55 119.1 st dev% 6.0 5.0 1.1 
0.8231 31.88 113.61 
0.6992 27.63 123.53 2-1 1.009 38.68 127.2 
0.8537 32.98 121.58 2-2 0.9198 35.34 136.36 
1.032 39.22 110.53 2-3 1.166 43.68 114.5 
average 1.0316 39.23 126.02 
0.8329 32.40 122.04 st dev% 12.1 10.7 8.7 
14.9 13.4 7.5 3-1 0.7142 28.27 132.29 
3-2 0.8464 32.85 138.59 
3-3 0.8635 33.51 136.33 
average 0.8080 31.54 135.74 
st dev% 10.1 9.0 2.4 
a b 
To validate the analytical method and the reproducibility of the data, some experiments were 
repeated. In Table 4.2-1a results from nine different membranes are presented. The nine 
membranes had the same nominal characteristics and the same conditions were used during 
the emulsification. The median droplet size varies from 110 to 137 !Jm, which corresponds to a 
coefficient of variation of 7.5%. The variation in the size distribution is a little bit wider with the 
span varying from 0.6992 to 1.032. 
Table 4.2-1b shows how the membrane performs after a cleaning cycle. Three different 
membranes with the same nominal characteristics underwent an emulsification-cleaning cycle 
for three times and the results are shown. lt is possible to see that the cleaning restores the 
initial membrane characteristics with a very small variation in size and a little larger effect on the 
size distribution. When collecting data for Egidi et al. (2008), three measurements were taken 
with the Malvern of the same emulsion to check the instruments reliability. The coefficient of 
variation both for the size and size distribution were never above 5%. 
In Figure 4.2-1 is a schematic representation of the system, highlighting all the operating 
conditions that will be considered to study their influence on the resulting emulsion. 
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Figure 4.2-1 Schematic representation of the emulsification system, highlighting the 
operating conditions 
The membranes were provided in various pore sizes, 7, 13, 20, 30, 50 and 60 11m in diameter, 
and two pore distances, 80 and 200 IJm. They were also available in different surface coatings, 
from very hydrophilic to hydrophobic. The stirrer rotation speed can be varied by altering the 
motor to vary the shear on the membrane surface. The discontinuous phase injection rate could 
be varied by a pump. This affects both the velocity of the discontinuous phase through the 
pores and the number of active pores. Finally, the phase chemical and physical properties 
influence the characteristics of the emulsion too. 
In section 5.1 all these parameters are considered and the interactions between them are 
studied too. For example, the variation of injection rate gives different results when no shear is 
applied or shear is present, but also, it depends on the pore distance. 
Because of the many different conditions involved in each experiment, at the beginning of each 
section is a table summarizing the involved parameters. 
4.3 PLGA Particle Production 
4.3.1 Single and Double Emulsion Production 
The method selected to produce the PLGA particles is membrane emulsification followed by 
solvent evaporation. Both simple PLGA particles and an encapsulated water-soluble model 
drug were investigated. In Section 5.2, the simple particles were created to test the conditions 
needed to produce particles in the desired size range. lt is unlikely that these conditions would 
change significantly in the case of dissolving a hydrophobic drug in the PLGA oil phase. For a 
hydrophilic drug encapsulation is required, in which the water soluble drug is encapsulated by 
the oil phase, which is then dispersed into water to fonn a WIONJ emulsion, section 6.2. In both 
sets of tests the chemicals used were: Resomer RG 503H (d,l-lactide glicolide ratio 50/50} 
obtained from Boehringer lngelheim, Poly Vinyl Alcohol (PVA MW 25000, 88% degree of 
hydrolysis} and sodium chloride came from Fisher Scientific, Di-ChloroMethane (DCM} from 
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Acros and blue dextran 2000 from Pharmacia Fine Chemicals. Reverse osmosis water was 
obtained from a Millipore RO unit. 
When simple particles are produced, Section 5.2, 10 ml of discontinuous phase were injected in 
150 ml of continuous phase. This time the discontinuous phase is composed of DCM and PLGA 
in various concentrations and the continuous phase is made of water and PVA. Different 
polymer and PVA concentrations were tested to see the effects of the phase properties on the 
resulting droplets. The dispersion cell and the phases were immersed in a cooled water bath at 
4 •c to slow down DCM evaporation and avoid membrane pore blockage. 
To produce a particle encapsulating a water soluble drug, Section 6.2, a double emulsification 
is required in order to achieve a high drug entrapment, see Figure 4.3-1. 
Water, Blue 
and salt U + ~ Water,saltandDCM 
:~~~CM l_ i~ + 
Primary emulsion 
by homogenizer 
Secondary emulsification 
Figure 4.3-1 Phases of double emulsification for production of PLGA particles 
encapsulating a water soluble drug 
Firstly, 20 ml of reverse osmosis water, 1000 ppm of blue dextran 2000 and 40 g/1 salt were 
emulsified with 50 ml of DCM and different concentrations of PLGA (5, 10 and 15%) using a 
mechanical homogenizer (Silverson Machines Ltd.), for three minutes at 8600 rpm. This 
primary emulsion became the discontinuous, or injected, phase for the secondary 
emulsification. For the second emulsification, 10 ml of the discontinuous phase was injected in 
the dispersion cell into 150 ml of reverse osmosis water containing 1% PVA and different salt 
concentrations (40, 33, 26, 16 g/1). The injection rate was 0.5 ml/min, the stirrer agitation speed 
was either 600 or 860 rpm and membrane pore diameters of 40 and 20 1-1m respectively were 
used. The emulsification was conducted at room temperature so a small amount of salt and 
water saturated in DCM was required to slow down DCM diffusion into the water and avoid 
membrane pore blockage. 
The presence of an added inner phase brings more operating conditions that can affect the final 
result. One aspect that was not investigated in this research is the amount of inner water phase, 
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see Section 2.2.3.3. For all experiments the inner water phase was equal to 28% of the total 
discontinuous phase. One aspect that was considered was the effect of osmotic pressure. By 
varying the salt concentration of the two water phases, it is possible to create an osmotic 
pressure which affects the particle size and characteristics. 
The optimal concentration of PVA chosen for the double emulsion experiments was 1%, 
determined from the single emulsion experiments, Section 5.2.1, and from the literature, in 
order to provide the best particle size distribution, (Liu et al. 2005b), and encapsulation 
efficiency, (lto, Fujimori & Makino 2007). 
Blue dextran 2000 was selected as the water-soluble model drug because it can be easily 
measured spectrophotometrically and it has already been used as a marker when producing 
smaller PLGA microparticles (lto et al. 2007). Preparation temperature effects were thoroughly 
studied. lt is reported that the emulsification temperature affects solvent removal rate, and 
therefore influences the surface morphology and the size of the final product, but not the 
encapsulation efficiency (Yang et al. 2000, Vladisavljevic et al. 2006). 
Three pictures were taken of the newly formed emulsion using sampling and analysis under an 
optical microscope. The emulsion was not stable enough to be analyzed using an instrumental 
technique, such as laser light diffraction. Up to 1000 droplets were analyzed using an image 
analysis system running Image J software. The number of droplets counted will be specified 
together with the results obtained. 
4.3.2 Particle Production 
Once the injection phase was finished, the droplets were solidified by different methods. The 
solidification is a result of the solvent (DCM) leaving the system. lt is possible to influence this 
stage by controlling the diffusivity of the solvent out of the drops as they solidify to form 
particles. This control can be achieved by: temperature, surface area of the liquid free surface 
from which the DCM evaporates into the atmosphere and DCM concentration in the water 
phase. After producing the emulsion in the stirred cell it was poured into a beaker and stirred 
constantly at 120 rpm at room temperature for DCM removal. Four different solidification 
methods were tested on the single emulsions, changing evaporation areas and adding 
continuous phase to change DCM aqueous phase concentration, Section 6.1. 
The four different methods investigated, and different solidification times, are shown in Table 
6.1-1. The solidification is the result of the DCM evaporation through the water phase and into 
the outside environment, so changing the DCM solubility in water controls the solidification rate. 
In a fast solidification the emulsion (160 ml) was poured into a beaker with a free surface of 150 
cm2 together with 850 ml of reverse osmosis water containing 1% PVA to act as a stabiliser and 
keep the droplets-particles apart. The system was continuously stirred and the complete 
solidification process took approximately two hours. In a gradual (Grad) solidification 450 ml of 
new continuous phase was gradually added to the stirred emulsion at a rate of 7.5 ml/min, for 
one hour, followed by stirring for approximately 24 hours. In a slow solidification process no 
other phase was added, the emulsion was stirred in a beaker with a free surface of 50 cm2 for 
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approximately 24 hours. In a very slow solidification process the top of the beaker was sealed 
with only the entrance for the overhead stirrer open, the solidification process took three days. 
The methods referred to as fast and slow were used to solidify the double emulsion. 
The solidification effects were tested to link them to the final particle size, size distribution and 
encapsulation efficiency. 
Once the solidified particles were obtained, their size and size distribution were measured using 
a Malvern Mastersizer. A comparison of Image J and Malvern data showed that the two 
methods provide very similar results, see Appendix B. 
To determine the amount of blue dextran 2000 released, or not encapsulated, during the 
secondary emulsification process a sample from the outer water phase was filtered using 
Whatman filter paper number 3 and analyzed by an ultraviolet spectrophotometer at 620 nm 
(UV-1201 Shimadzu). 
The encapsulation efficiency was then defined as: 
e = initially injected blue dextran- blue dextran in outer water phase ·l 00 
initially injected blue dextran Eq. 4.3-1 
As an attempt the encapsulation efficiency was also measured by breaking the particles in 
order to directly measure the blue dextran encapsulated. A pilot test was run to choose the best 
solvent to make sure to completely dissolve the particles and be able to collect all the blue 
inside. Dichloromethane, Chloroform and Sodium Chloride were tested. The particles were 
resuspended in 50 ml of reverse osmosis water and 50 ml of solvent was added. The samples 
were shaken and sonicated. The best result was given by the sodium chloride. A clear phase 
was left, suitable for UV spectrophotometer analysis, see appendix All for calibration. At the 
same time, sodium chloride appears to interfere over time with the measurements, see Section 
6.2.2. 
When measuring encapsulation efficiency, a good part of the variation between the results can 
be due to the instrument used. See Appendix A.ll and Alii for measures taken to improve it. 
4.4 Drug Release Studies 
4.4.1 Blue Dextran Release Studies 
The aim of this research was to investigate a method to produce particles for subcutaneous 
administration of water soluble drugs. Once the particles were successfully produced under a 
range of conditions, the research continued on the effects of the production condition on the 
release behavior, Section 6.3.1. 
To reduce material consumption an homogenizer with a smaller head was used (Silverson). 
The ratio inner water phase volume/ total discontinuous phase volume was kept constant and 
equal to 28% but this time only 10 ml of water phase were homogenized with 25 ml of polymer 
and solvent phase for thirty minutes in order to obtain a stable emulsion. As usual, 10 ml of oil 
phase were injected into 150 ml of water. The other emulsification conditions, solidification and 
particle characterization were the same as discussed above. 
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Together with the microscope images it was possible to study the surface morphology by 
images taken by a FEG-SEM, field emission gun scanning electron microscopy. When FEG-
SEM (Carl Zeiss 1530 FEGSEM) pictures were taken, some of the particles were placed on a 
filter paper in a thin layer and left to dry overnight. The particles were finally gold coated before 
obtaining the scanning electron micrographs. 
After the particle characterization analysis the particles were then filtered (Whatman filter paper 
number 3) and washed three times with reverse osmosis water. They were collected, without 
drying; not to expose them to harsh conditions, Section 6.1. The particles were carefully equally 
separated into 10 samples. 25 ml of PBS and 0.1% sodium azide solution was added to each 
sample. The bottles were sealed and placed in a warm shaking bath at 37 degrees Celsius and 
mildly agitated. At regular intervals, one sample was taken out of the bath. Pictures of the 
particles with an optical microscope and a FEG-SEM were taken to determine changes in 
morphology and size. The particle size and size distribution was measured by Malvern 
Mastersizer. The release medium was filtered (Whatman filter paper number 3 and 542) and 
the presence of blue dextran was detected by ultraviolet spectrophotometer at a wavelength of 
620 nm (UVNIS Lambda 12, Perkin Elmer). 
Due to the separation into ten samples and the amount of external release water the 
concentration of blue dextran in the initial few days of release was very low. To improve the 
instrument sensitivity the amount of blue dextran in the inner water phase was increased up to 
3000 ppm. 
The Dispersion Cell permits the production of a sizeable amount of monosized particles so that 
it was possible to divide the particles into ten independent samples. Usually (Perez-Rodriguez 
et al. 2003, Varde & Pack 2007, Berkland et al. 2001, AI-Maaieh & Flanagan 2001) the release 
is studied by removing only the release medium and replacing it, without disturbing the 
particles, so as not to change their number, or otherwise influence their degradation. In this 
work, at regular intervals, a sample is taken out of the shaking bath and it can be completely 
analyzed. The remaining particles in the other samples continue the release ·process 
undisturbed. Hence, following this procedure, it is possible to monitor changes in size, size 
distribution and surface morphology of the particles during the release in a more 
comprehensive way than is normally reported 
Together with the blue dextran encapsulating particles, blank particles were produced. The 
blank particles are still made by double emulsification; they only miss the blue dye. All the other 
components and operating conditions are the same. The outer phase was analyzed in the same 
way in order to detect possible interferences of the polymer degradation products with the 
analysis. 
Because of the limited amount of particles in each sample it was not possible to repeat the size 
measurements performed with the Malvern Mastersizer more than one time. The results 
obtained were compared to the ones obtained by analyzing the microscope images with lmageJ 
software. The general behaviour was confirmed although there were a few differences, see 
appendix B. As degradation advances, the refractive index of the particles changes and 
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towards the end the particles are too small and the difference in the refractive index is too low 
for the Malvern to give reliable results. When measuring PLGA, the Malvern was set to use the 
Fraunhofer theory which is considered a valid approximation for particles above 30 microns 
(Wedd, 2008). 
4.4.2 Copper Sulphate Release Studies 
To obtain more precise measurements of the drug release at low concentrations, another 
instrument was chosen: Atomic Absorbance Spectrophotometer (SpectrM 2000 by Varian). lt 
allows a very precise measurement of a specific element, possibly down to ppb levels. Blue 
dextran was then changed to Copper Sulphate, see Section 6.3.2. All the conditions were kept 
the same as the previous double emulsification experiments but instead of adding 3000 ppm of 
blue dextran, 1g of CuS04 was added to 100 ml of inner water phase. The particles obtained by 
slow solidification were collected, washed and divided into ten samples. 25 ml of phosphate 
buffer solution and 0.1% sodium azide were added and the samples were placed in the same 
release conditions as above. At regular intervals, one sample was taken out of the bath and 
analyzed for size, size distribution and presence of Cu by the SpectrM, see appendix A.lll for 
calibration. Also in this case a blank batch of particles was produced in order to measure any 
possible interference due to polymer degradation. 
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5.1 Sunflower Oil Droplet Production 
5.1.1 Shear Stress and Pore Diameter Effects 
Discontinuous phase: Sunflower oil 
Continuous phase: ROW, 2% Tween 20 
Membrane Area = 8 cm"2 
Pore distance = 200 IJm 
Pore diameter= 7, 20, 40 and 60 IJm 
Operating conditions: flux= 37 I m·~ h"1 
hydrophilic membrane 
5- Results and Discussion 
Using a hydrophilic coated membrane a series of experiments were conducted to investigate 
the effect of shear on droplet size and size distribution at low injection rate. Three membranes 
have been used, all with a pore distance of 200 11m and pore diameters of 7, 20 and 40 IJm 
respectively. 10 ml of sunflower oil were injected into the water phase at a rate of 0.5 ml/min (or 
37 I m"2h"1 in terms of flux). 
Figure 5.1-1 shows the effect of shear rate (expressed as agitator rotation speed) on the 
median droplet size for different membrane pore diameters (different markers). The effect of 
shear stress on the particle size is the same as for other membrane emulsification techniques. 
The size decreases in a kind of exponential way: the difference is more remarkable in the 
region of low shear stress while the droplet diameter level off towards the high shears. The 
same behaviour was found in Egidi et al. (2008) where the same experiments were conducted 
but at different fluxes. In Table 5.1.1-1 the agitation expressed in rpm and its equivalent 
maximum shear at the membrane surface, plus the span obtained for the results is presented in 
Figure 5.1-1. Due to the cell geometry, the shear profile is not constant, see discussion in 
section 3.1, 5.1.2 and (Kosvintsev et al. 2005). At a distance from the centre equal to the so 
called transitional radius, the shear reaches a peak. The position of the transitional radius and 
the peak value depend on the agitator rotation speed. lt is hence possible to link the stirrer 
agitation speed expressed in revolution per minute to a maximum value of shear useful for 
comparison with other membrane emulsification techniques. See next section for equations. A 
characteristic of the Dispersion Cell is to require a lower shear if compared with other 
emulsification and membrane emulsification devices and this makes it very suitable for 
application with highly sensitive materials (e.g. pharmaceutical}. 
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Table 5.1-1 Shear stress equivalent values to agitation speed, spans and CV% as 
given from the number distribution for the data presented in Figure 5.1-1 
membrane pore diameter, 11m 
't 7 20 40 
rpm Pa span CV% span CV% span CV% 
119 0.3 0.72 28.3 0.53 21.54 0.66 26.52 
321 1.7 0.57 23.34 0.83 33.36 0.60 23.76 
524 3.8 0.47 19.49 0.71 28.9 0.60 24.51 
726 6.3 0.60 24.14 0.81 31.88 0.66 26.25 
928 9.2 0.52 20.89 0.64 25.56 0.68 27.15 
1131 12.5 0.61 24.68 0.55 23.07 0.77 30.05 
1333 16.1 0.58 23.92 0.72 28.96 0.75 28.09 
1535 20.0 0.66 25.4 0.81 32 0.78 29.28 
As the agitation increases, the Drag force responsible for detaching the droplets increases. The 
Drag force can be expressed as shown by Equations 3.1-4 to 3.1-8. 
In Figure 5.1-1 it is also possible to see the effect of pore size. Considering the forces, the pore 
diameter affects the Capillary force, responsible for retaining the droplet attached to the 
membrane, Equation 3.1-3. A larger pore corresponds to a stronger Capillary force while it does 
not affect the Drag force, resulting in an overall bigger droplet. 
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A linear relationship between pore size and droplet size is well reported in literature (Peng & 
Williams 1998) in the form of d d = a · d P and the coefficient of proportionality a usually ranges 
between 2.5 and 8. Also in these experiments, as expected, the droplet size decreases with the 
decreasing of the pore size but the linearity between the droplet and the pore diameter varies 
depending on the agitation speed as indicated in Figure 5.1-2 by the gradient of the linear trend 
line, a. Figure 5.1-2 shows the droplet sizes obtained using different membrane pore diameters 
when no shear and different shears are applied. When some shear is present, then the droplet 
size depends on the pore diameter as expected. When no shear is applied the droplets seem to 
grow bigger independently from the pore size and they are all around 200 IJm in diameter. This 
specific value is very important being exactly the inter-pore distance. The importance of the 
distance between the pores will be further discussed later and it is typical of the kind of 
membrane used here. In Christov et al. (2007) a SPG membrane is used in absence of shear 
and they observe an increase in drop size with the increase in pore size, despite the absence of 
shear. 
In Figure 5.1-3 the same agitation speed dependence is plotted in a non dimensional way by 
dividing the droplet diameter by the pore diameter used to obtain it. At high shear the results 
obtained by 20, 40 and 60 IJm join together in a master curve. The results obtained with a 7 IJm 
membrane and for low shear the results stay well divided. When a low agitation speed is 
applied, for bigger membrane pore size, the droplet sizes do not differ as much from the 
generating pores as they do for smaller pore diameters: at the agitation of 119 rpm the droplets 
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generated by a 40 IJm membrane are four times bigger than the pore membrane while if they 
are generated by a 7 1Jm membrane they become fourteen times bigger. For all these cases, 
the distance between the pores, from centre to centre is 200 1Jm. If the pore is bigger than the 
distance between the boundaries of the pores is less. The fact the droplets originating from 
bigger pores cannot expand as much is again a sign of the importance of the pore distance in 
determining the final droplet size. 
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As it has just been shown, the pore size is not enough to predict the droplet size for the 
Dispersion Cell system although it plays an important role. Based on the pore size and on the 
shear at the membrane surface, a model has been proposed, see Section 3.1 for details. lt is a 
force balance between the Capillary force, Equation 3.1-3, which retains the droplet to the pore 
and depends on the interfacial tension and pore size, against the Drag force, Equation 3.1-4, 
which works to detach the droplet and it depends on the shear and continuous phase 
properties. 
In Figure 5.1-4 the force balance described above represented as different kind of lines for the 
different pores is compared against the experimental data. The data are generated at very low 
injection rate and there is a good match between model and results above all when the shear 
rate is high. At lower agitations, an additional effect becomes important; a proper discussion of 
it follows. 
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5.1.2 Membrane Area 
Discontinuous phase: Sunflower oil 
Continuous phase: ROW, 2% Tween 20 
Membrane Area= 2.14 annular and 8 cm"2 
Pore distance = 200 11m 
Pore diameter= 20 and 40 11m 
Operating conditions: equivalent flux= 451 m·2 h_, 
hydrophilic membrane 
Traditionally, a uniform shear was a requirement for uniform emulsion droplets (Kosvintsev et 
al. 2005). Because of the cell geometry and the generation of shear by a stirrer, the shear 
generated on the membrane surface is not constant. The flow field in an unbaffled cylindrical 
vessel can be divided in two regions: forced vortex in the inner part and free vortex outside it, 
see Equations 3.1-6 to 3.1-10. 
In Kosvintsev et al. (2005) the Dispersion Cell and a modified Weissenberg rheometer have 
been compared as tools for emulsion generation. The rheometer has been used as an example 
of constant shear. The results obtained were basically the same from the point of view of size 
distribution, if the ones from the Dispersion Cell were not better. lt was postulated in Kosvintsev 
et al. (2005), and experiment to support that will be shown here, that the annular area, where 
the shear is at its maximum, is actually the most droplet productive region so the emulsion 
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results are very uniform since it is mostly generated in this area of constant and maximum 
shear. 
To study the effect of the annular zone on the distribution it is possible to modify the working 
membrane area as shown in Figure 5.1-5a. Everything but a ring area is permanently blocked 
off. lt is important that the blockage is done consistently with the membrane coating in order not 
to negatively influence the droplet formation. The darker area is the part that has been blocked. 
The phases can only go through the annular shape area. In Stillwell et al. (2007) the beneficial 
effect of the ring area is proven using a different 0/W system, paraffin wax in water while in 
Dragosavac et al. (2008) no real improvement is found when using a ring membrane to emulsify 
pumpkin seed oil in water. 
Depending on the agitation speed, the point of maximum shear will fall in the open area. In 
Figure 5.1-5b the optical microscope image of an emulsion obtained by a ring membrane is 
represented as an example. These particular droplets were obtained with an injection rate of 
0.6 ml/min, an agitation speed of 1120 rpm, membrane pore distance of 200 ~m and pore 
diameter of 20 ~m. The span obtained in this case is 0.3. 
1 cm 
a b 
Figure 5.1-5 Picture of the open area on a ring membrane, a), and sunflower oil in 
water emulsion generated by a ring membrane, span 0.3, b). 
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Table 5.1-2 Span and CV% values for droplets obtained by ring membrane at different 
agitation speeds and membrane pore size of 20 and 40 J.lm 
pore distance = 200 11m 
injection rate = 0.6 ml/min 
ring flux= 170 l/m"2h 
ring: inner radius= 0.8 cm 
outer radius = 1.15 cm 
agitation shear trans. 
speed stress radius 
rpm Pa cm 
98 0.23 0.85 
353.5 2.02 1.09 
609 4.80 1.14 
864.5 8.28 1.16 
1120 12.34 1.18 
membrane pore diameter: 
40 11m 20 11m 
span CV span 
% 
0.467 19.28 0.6614 
0.45 18.84 0.4766 
0.328 14.37 0.3087 
0.24 10.63 0.2848 
0.289 12.5 0.3008 
CV 
% 
26.7 
19.8 
13.4 
12.6 
12.89 
In Table 5.1.2-1 are the values for the span (and equivalent CV%) obtained with a ring 
membrane at different agitation speed. In Figure 5.1-6 is a comparison between the 
performance of a full membrane and a ring membrane for different agitation speeds. The pore 
distance was 200 IJm, two pore diameters were used, 20 and 40, both in full and ring 
membrane conditions. The injection rate used for both was the same, 0.6 ml/min, but because 
of the different active area, the resulting flux is very different: 170 I m·2 h"1 for the ring membrane 
and 45 1 m·2 h"1 for the full membrane. The ring membrane provides lower span values being 
everything else the same, particularly at high agitation speeds. Comparing the ring diameters 
with the transitional radius position, only for the highest agitation setting, the transitional radius 
falls outside the ring area. Nevertheless the improvement in distribution is noticeable. 
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Figure 5.1-6 Comparison of the span obtained with a ring membrane and a full 
membrane for 20 and 40 micron pore diameter, varying the shear stress 
In Figure 5.1-7 the shear profile are shown, as calculated from the equation shown in Equation 
3.1-9 an 3.1-10, for different agitation speed settings. Starting from the centre of the membrane 
(radius =0} the shear stress increases linearly being in the region of forced vortex. At the 
distance equal to the transitional radius, calculated by Equation 3.1-6 and highlighted with the 
broken line, the shear stress is maximum, free vortex area starts and the shear decreases 
exponentially. In grey is the area left open in the annular membrane to show the smaller range 
of shear acting on the discontinuous phase when a ring membrane is used. As calculated in 
Dragosavac et al. (2008} the average shear stress varies of only 13% when considering a full 
membrane or a ring and its effect greatly depends on the phases involved. The size distribution 
does not change when using pumpkin seed oil (Dragosavac et al. 2008}, while it brings an 
advantage for paraffin wax (Stillwell et al. 2007}, sunflower oil and PLGA and DCM, as it will be 
shown later. 
lt is not possible to directly compare the size of the droplets obtained in this set of results since 
using the same injection rate causes a very different flux hence a very different velocity through 
the pores of the discontinuous phase for the two membranes. The ring membrane presents less 
open pores since most of the surface is blocked off (6,200 instead of 23,000}. To have the 
same volume injection rate means that more phase must pass through less pores, resulting in a 
higher inter-pore velocity. lt will be shown further on how these affect the size of the droplets. 
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5.1.3 Injection Rate and Pore Distance Effects 
Discontinuous phase: Sunflower oil 
Continuous phase: ROW, 2% Tween 20 
Membrane Area = 8 cm112 
Pore distance = 80 1-1m 200 1-1m 
Pore diameter= 13, 20, 30 and 50 1-1m 7, 20, 40 and 60 1-1m 
Operating conditions: hydrophilic membrane 
The injection rate, or flux, or transmembrane pressure, has always been considered one of the 
main operating parameters which affects the particle size and size distribution (Gijsbertsen-
Abrahamse et al. 2004, Lambrich & Schubert 2005, Joscelyne & Tragardh 2000, Abrahamse et 
al. 2002, Zhu & Barrow 2005). 
If the dispersed phase flux is increased, assuming constant drop detachment time, the droplet 
volume prior to detachment increases, hence the droplet size increases (Peng & Williams 1998, 
Vladisavljevic & Schubert 2003, Dragosavac et al. 2008, Vladisavljevic et al. 2007). Another 
phenomenon linked to the dispersed phase flux is the change in dynamic interfacial tension 
(Rayner et al. 2005). The interfacial tension is increased by the creation of fresh interface as the 
droplet expands and lowers the surfactant coverage per unit area. This is a kinetic process, as 
the interfacial tension will be lowered by new surfactant adsorbing from the continuous phase to 
the surface, but the faster the dispersed phase flux the lower will be the overall effective 
surfactant concentration during drop formation at the interface between the two phases. Lastly 
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the increase in injection rate leads to a higher number of active pores leading to an interaction 
between the neighbouring drops before detachment occurs. The upper limit for an increase in 
injection is represented by a transition from a dripping regime to a continuous outflow regime 
which causes a wider distribution. 
350~----------------------------------------------------------~ 
<> 
300 ll ll <> 6 <> 0 
~ 8 0 0 0 0 <> 0 0 A <> 
E 250 ~ <> 
::1. 0 
iii 0 
0 0 
c gll 
c 200 07~-tm 
020~-tm 
150 640~-tm 
<> 60 ~-tm 
100 
0 5 10 15 20 25 30 35 40 
Injection Rate, ml/min 
Figure 5.1-8 Effect of injection rate on droplet size for different pore size in absence of 
shear 
As always, the effects of the different operative conditions may overlap, so to start, the study of 
the flux only contribution was conducted in absence of shear. In Figure 5.1-8 the change in 
median droplet size with the increase in injection rate of the discontinuous phase for different 
pore size is presented. For all of these results the pore distance is 200 IJm. 
When no shear is applied, the droplet size increases more rapidly towards the lower range of 
injections, to level off for injection rate above 10 ml/min. Although different membrane pore 
sizes have been used, the resulting droplets do not differ much when no shear is applied and 
this is true over the full range of injections. Figure 5.1-9 shows that when no shear is applied 
and low injection rates (0.5 ml/min), all the membrane pore sizes used gave droplets of a 
diameter of around 200 IJm, equal to the pore distance. As the injection increases, the droplets 
reach a diameter between 250 and 300 1-1m which are still independent of the pore size. lt 
appears to be a maximum droplet size, influenced by the injection rate, over which the droplets 
cannot grow and this can be due to the pore distance and the steric hindrance represented by 
the adjacent droplets. In Table 5.1.3-1 the correspondence between injection rate and flux is 
shown to make direct comparisons with the literature. 
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Conversion between injection rate in mllmin and flux in I m·2 h"1 
flow rate ->flux conversion 
ml/min 1/h l/ml\2h 
0.1 0.006 7 
0.5 0.03 37 
1 0.06 75 
2.5 0.15 187 
5 0.3 373 
10 0.6 746 
15 0.9 1119 
17.5 1.05 1306 
20 1.2 1492 
25 1.5 1865 
30 1.8 2238 
35 2.1 2611 
B 0 0 0 D 
D 0 D 
[3 
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Injection rate effect on droplet size when no shear is applied and when 
the agitation speed is set at 600 rpm for two different membrane pore 
diameters 
When shear is applied, the injection rate still affects the droplet size but some differences are 
noticeable. In Figure 5.1-9 the effect of injection rate on droplet size is presented for two shear 
conditions (0 and 4. 7 Pa) and for two different membrane pore diameters (7 and 20 J.lm), all with 
the same pore distance of 200 J.lm. 
In presence of shear, the injection rate effect is still more affecting the low injections, then the 
size reaches a constant value. The droplet size is smaller when shear is applied, as shown in 
section 5.1.1 and the difference in membrane pore size becomes now visible. The change in 
droplet size distribution with the injection rate with or without shear is presented in the data 
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listed in Table 5.1.3-2. At low injection rate, the span obtained in presence of shear are lower 
than those obtained with zero shear stress, hence the emulsion is more monosized. As the 
injection rate increases, the emulsion obtained in absence of shear becomes more monosized 
until an optimum injection, after which the span increases again but it stays below the one 
obtained with agitation, see also Figure 5.1-10. 
Table 5.1-4 Span from the droplet size number distribution of the data presented in 
Figure 5.1-9 
7J,lm 20 11m 
600 rpm no shear 600 rpm no shear 
ml/min span CV% span CV% span CV% span CV% 
0.1 0.4677 19.49 1.177 43.51 0.4422 18.97 3.877 55.29 
0.5 0.3729 16.16 0.8648 33.32 0.5796 21.87 1.175 43.86 
1 0.4456 18.1 0.5828 23.64 0.5531 22.44 0.8503 33.18 
2.5 0.7748 30.46 
4.35 0.7722 29.78 
5 0.469 19.02 0.361 15.89 0.533 22.03 
8.7 0.7326 28.74 
10 0.3915 16.24 0.1895 8.79 0.279 12.63 
12.5 0.3966 16.42 
15 0.6645 26.27 0.2057 9.26 0.277 12.53 
17.5 0.5153 21.46 
20 0.5338 22.06 0.4684 19.65 0.635 25.53 
25 0.5428 22.86 0.5007 20.37 0.7199 28.44 
30 0.6172 24.99 0.7883 30.93 
When shear is applied it is possible to obtain uniform emulsion even at very low injections and 
the size distribution is not greatly affected by the injection rate. In absence of shear the droplets 
grow undeformed until they come in contact or the Buoyancy force prevails over the Capillary 
force and the droplets detach. At very low injection rates, only a few pores are active and their 
position across the membrane is random. Some of the generated droplets can grow for longer 
before detaching. As the injection increases, more pores become active and the generation 
becomes more regular. At some point most of the pores will be active and in absence of shear, 
hence in absence of drag force, they will be forced to detach by the mutual steric hindrance. 
Each droplet will push the neighbours to detach. There exists an upper limit to this injection 
rate, which is represented by jetting. At some point the flux will be too high for the membrane to 
play an active role in the disruption of the stream and the distribution worsens. 
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Figure 5.1-10 Variation in Span with the injection rate in absence and presence of shear 
for a 7 IJm membrane pore and 200 IJm pore distance 
450~------------------------------------------------. 
400 r:P 0 
E 350 
:::1. 
--l 300 
0 0 
0 0 0 0 
0 
c 
c 
... 250 
Ql 
... 
Ql 
• • • • • 
• • 0 0 
• 
• 
• 
E 200 
ea 
c 0 
0 
0 0 0 0 
... 150 Ql 0 
c. 0 
e 100 c 
50 OD(n,0.1) •D(n,O.S) OD(n,0.9) 
0 
0 5 10 15 20 25 30 
Injection Rate, mllmin 
Figure 5.1-11 Butterfly plot, or effect of injection rate on size and size distribution when 
no shear is present, using a membrane with 200 IJm pore diameter and 20 
!Jm pore distance 
There is a very effective way of representing the variation of size distribution with the injection 
rate. lt has been proposed first in Kosvintsev et al. (2008) and then in Egidi et al. (2008) and it 
was given the name of "butterfly plot". In Figure 5.1-11 is an example. Plotting the 10, 50 and 
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90 percentile against the injection rate, highlights the condition of optimal flux. In the figure, a 
membrane with 20 IJm pore diameter, 200 !Jm inter-pore distance is used in absence of shear 
stress. From the definition in equation 1.2-1 it is possible to see how the distance between 
D(n,0.1) and D(n,0.9) closely represents the span of the emulsion: the closer they are, the lower 
is the span and the narrower is the emulsion distribution. When no shear is applied, at very low 
and very high ihjections the distribution is very wide; there exists an optimal intermediate 
discontinuous phase injection rate at which the distribution is the narrowest. 
To verify what appears to be a very important influencing factor, a membrane with a different 
pore distance has been used. The membranes used in this work are metal flat thin layers with 
straight channel pores arranged in a very regular hexagonal array. They come in a range of 
pore sizes and two different pore distances have been used, 200 and 80 !Jm, see Figure 5.1-
12a and 5.1-12b respectively. Initially, (Kosvintsev et al. 2005), it was thought that the ideal 
membrane for emulsion generation requires a low density of pores per unit area to avoid 
contact between the droplets and coalescence. lt will be shown as coalesce is not an issue 
anymore and the droplet-droplet interaction actually helps in producing a uniform emulsion. 
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• • • • 
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a b 
Figure 5.1-12 Microscope pictures of the membranes used. In this example the pore 
diameter is 20 !Jm while the pore distance is a) 200 J.lm and b) 80 J.lm 
Figure 5.1-13 shows the effect of injection rate for two different pore distances in absence of 
shear. When the pores are 80 !Jm apart, the median size initially decreases with the increasing 
of injection rate rather than increasing. Again, for injections higher than 10 ml/min, the droplet 
size seems to become independent of the injection rate and it stabilizes at around 120 !Jm. 
Being the pore space the only different operating condition, it appears clear the importance of 
this factor. 
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Figure 5.1-13 Comparison of the effects of injection rate when no shear was applied 
and two different membrane with 80 and 200 1-1m pore spacing and 20 1Jm 
pore diameter were used 
Considering the effects on size distribution, the same butterfly effect as seen in Figure 5.1-10 
and 5.1-11 can be seen when using a membrane with a smaller inter-pore distance, 80 IJm in 
Figure 5.1-14. 
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Figure 5.1-14 Butterfly effect when using a smaller inter-pore distance, 80 IJm and a 
comparable but smaller pore size, 13 IJm, always in absence of shear 
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When the inter-pore distance is smaller the optimal injection rate is lower too, in agreement with 
the explanation given for the phenomenon. The number of pores is higher, see Figure 5.1-12 
and Table 4.1-1. The majority of the pores become active at a lower injection rate when 
compared to a 200 !Jm pore distance membrane. 
Table 5.1-5 span and CV% values for the data shown in Figure 5.1-14 
flux 80 urn pore spacing 200 urn pore spacing 
ml/min l/ml\2h span CV% span CV% 
0.1 7.5 1.351 58.92 3.476 61.56 
0.2 14.9 1.547 56.19 
0.4 29.8 1.37 50.73 
0.8 59.7 1.455 53.74 
1 74.6 1.122 42.05 
1.6 119.4 1.242 46.95 
2.5 186.5 . 0.868 33.15 
3.2 238.7 0.8009 
5 373.0 0.6146 24.43 0.7205 38.95 
6.4 477.5 1.026 
7.5 559.5 0.3279 13.9 
10 746.0 0.6431 27.47 1.105 42.27 
12.8 932.5 0.875 38.36 0.8708 
15 1119.1 0.9181 41.82 1.17 47.23 
17.5 1305.6 0.8473 37.2 
20 1492.1 0.9509 41.88 1.171 46.51 
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Figure 5.1-15 Comparison between experimental data and model when considering 
only Capillary and Buoyancy force or also including the Push-off force 
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These data about the dependence on the injection rate and the pore distance in absence of 
shear illustrate the existence of an additional force acting together with the Buoyancy force 
against the Capillary. This force will be called "Push-off' force. When droplets come in contact 
and do not coalesce, they deform. This deformation leads to an increase in energy, being the 
elongated shape less stable than the spherical one. To regain the spherical shape the droplets 
are pushed to detach. This force was mathematically expressed and explained in Kosvintsev et 
al. (2008) and it is shown in the 3 - Modelling. Figure 5.1-15 shows the comparison between the 
experimental data when no shear is applied and the two possible representing force balances 
for different membrane pore diameters and membrane pore distances. If only Capillary and 
Buoyancy force are considered, the force balance does not include the different pore distance 
so it predicts the same droplet size no matter how far apart the pores are. In the graph the y-
axis scale is logarithmic; it is possible to see the high over-prediction of the model in these 
conditions (grey line). When including the Push-off force, the pore distance becomes important, 
see Equation 3.1-21, and the prediction becomes more accurate. 
Considering Figure 5.1-8 and 5.1-10 when shear is applied, the additional force may detach the 
droplets before they can touch, if the pores are enough spaced apart, so that the size 
distribution is not affected by the injection rate. 
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Figure 5.1-16 Injection rate effect on droplet size when a mild agitation Is applied and 
the pore distance is 80 ~m 
In Figure 5.1-16, a mild agitation is applied and the membrane used is a 20 IJm pore diameter 
and 80 IJm pore distance. Being mild the agitation conditions and the pores quite close 
together, a sort of butterfly behaviour is still visible. The dotted line representing the span has a 
minimum for an injection of 15 ml/min. The droplet median size tends to slightly decrease as the 
flux increases. With increasing the injection rate, more pores become active so the droplets 
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cannot grow as much before touching each other. Now that some agitation is applied, the 
optimal injection rate is in the region of 15 ml/min instead of just below 10 ml/min as found 
when no shear is applied. This shift in optimal injection towards higher values continues with 
the increasing in shear, Figure 5.1-17. In this case the injection rate was increased up to 30 
ml/min and the span is still decreasing. In Table 5.1.3-5 are the span and CV values presented 
in these two figures. 
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Figure 5.1-17 Effect of injection rate when shear is applied and the pore distance is 80 
J.Jm 
Table 5.1·6 Span and CV% for emulsions obtained with a 20 J.Jm pore size, 80 J.Jm pore 
distance membrane and two different shear fields as shown in Figure 5.1· 
16 and 5.1-17 
flux 20 um, 80 um 
205 rpm 650 rpm 
ml/min l/m"2h span CV% span CV% 
1 66.1 0.7360 28.90 0.5431 23.11 
2.5 165.2 0.7898 30.30 0.4219 17.72 
5 330.4 0.6064 24.37 0.3828 16.18 
10 660.8 0.5103 20.96 0.3765 16.10 
15 991.2 0.3361 14.63 0.2992 13.32 
20 1321.6 0.4267 18.57 0.2277 10.18 
25 1652.0 0.4300 18.74 0.1898 8.96 
30 1982.4 0.7444 31.58 0.1926 9.14 
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a) span 0.193, 650 rpm, 30 mllmin b) span 0.7446, 205 rpm, 30 mllmin 
Figure 5.1-18 Emulsion obtained with a 20 1-1m membrane pore diameter and 80 IJm pore 
distance at the same high injection rate but different agitations 
When a higher shear is applied, the droplet size is increasing with increasing injection rate and 
it stabilizes at around 120 IJm. This apparently contrasting effect, if compared with Figure 5.1-
16, will be better explained in Figure 5.1-20. In Figure 5.1-18, microscopic pictures of the 
obtained emulsions are shown. Figure 5.1-18a shows a very monosized emulsion, span 0.193, 
obtained by a membrane with pores at a distance of 80 !Jm and ppre diameter of 20 j.Jm at a 
very high injection of 30 mllmin and sustained agitation. Figure 5.1-18b shows an emulsion 
obtained with the same condition but a milder agitation and the resulting span is higher, 0.7446. 
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When the same shear is applied and the pores are further apart, the effect of an increase in 
injection rate is totally different, Figure 5.1-19. The distance of the pore is big enough for the 
shear rate to act before the droplets can grow enough to touch. In this case an increase in 
injection rate leads to a broader distribution because there is not the controlling action of the 
neighbouring droplets. When using a 200 !Jm pore space and agitation is present, the droplet 
size increases with an increase in injection rate and the size distribution gets worse. 
In Figure 5.1-20 all the data and the model predictions are gathered together. The x-axis 
represents the injection rate; the y-axis is the median droplet size. The membrane used is a 20 
!Jm pore diameter and 80 !Jm pore distance. Four data series at different agitation speed are 
represented. Starting from low injection rate, it is possible to notice how the droplet size strongly 
depends on the shear, while at higher injection; the shear effect becomes less important. For 
low agitation speed, 205 rpm, the droplet size decreases with the increasing of discontinuous 
phase injection rate. More pores are active so the droplets touch more frequently and the push 
off force is more important and detaches the droplets earlier, making them smaller. As the 
agitation speed increases, 336 and 412 rpm, at low injection rates the droplets are deformed 
due to the shear so the neighbours droplet affect the size less. An increase in injection leads to 
an increase in size until reaching a maximum. After this, a further increase in injection causes 
enough pores to be active and the push off becomes important also at higher shears. In this 
phase the droplet size decreases with the injection increasing. At very high agitations, 650 rpm, 
the injection needs to be very high for the push off to be visible. In the range of injections 
considered, at the agitation of 650 rpm, the droplet size was increasing until reaching a kind of 
constant value which is the same reached for all the agitation speeds tested at that injection 
rate of 30 ml/min. 
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Figure 5.1-20 Representation of the different effects of injection rate when shear Is 
applied for small pore distance membranes 
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The empty markers placed on the zero axis and at indefinite high injection rate are the model 
prediction. On the left of the chart, corresponding to an ideal zero injection rate is the prediction 
based only on the balance between Capillary and Drag Force for the different agitation speeds. 
On the right, at ideal extremely high injection rate is the prediction including the Push-off force 
for different agitation speed. When the flux is very low, only a few pores are active and in 
presence of shear, it is unlikely that the droplets will touch before detachment due to the drag 
force. Hence the droplet size will tend to the predicted size from the model without considering 
the effect of the push off force. At very high injections, ideally all the pores will become active 
without entering jetting conditions that will cancel any kind of control on the size. All of the 
droplets will come in contact with the neighbours, no matter the intensity of the agitation. The 
size will match the pore distance which will become the most important factor for the final 
droplet size. 
5.1.4 Membrane Surface Properties 
Discontinuous phase: Sunflower oil 
Continuous phase: ROW, 2% Tween 20 
Membrane Area = 8 cm"2 
Pore distance = 200 IJm 
Pore diameter = 20 IJm 
Operating conditions: hydrophilic coating and clean membrane 
lt has been mentioned here and in the literature (Gijsbertsen-Abrahamse et al. 2004, Lambrich 
& Schubert 2005, Joscelyne & Tragardh 2000) that to obtain best results in terms of size 
distribution, the membrane must be treated to become hydrophilic, in case of ON.J emulsions. 
The hydrophilic coating prevents the oil phase spreading on top of the membrane surface. 
Some tests were conducted using a clean metal membrane with no treatment and a hydrophilic 
membrane, both membranes were provided by Micropore Technologies Ltd. Initially, no shear 
was applied on the membrane surface. Removing the agitator allowed a close look of the 
droplets rising from the membrane surface, as shown in Figure 5.1-21a and b. The beneficial 
effects of a treated membrane in preventing the oil spreading are clear. The very large spread 
of oil which is not going to detach from the membrane surface so it is not going to directly 
influence the size and the size distribution. The injection rate used for these pictures was very 
low, and it shows a characteristic already noticed in other membrane emulsification studies 
(Abrahamse et al. 2002, Zhu & Barrow 2005): not all the pores are active although they are 
extremely regular in shape and size. 
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a b 
Figure 5.1-21 Microscope images of the oil phase passing through a) a hydrophilic 
membrane and b) a clean metal membrane with the same pore size of 20 
JJm 
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Figure 5.1-22 Size and size distribution of emulsions obtained by a 20 JJm membrane 
before and after hydrophilic treatment, when no shear is applied at 
different injection rate of the discontinuous phase 
In Figure 5.1-22 the median size and span of emulsions obtained by two differently treated 
membranes (hydrophilic and clean metal) are presented at different injection rates and in 
absence of the shear. Starting considering the influence of the membrane coating on the size 
(black and grey markers), it is possible to see that there is quite a dramatic difference in the low 
range of injections while above 5 ml/min the size becomes constant and it is independent of the 
membrane coating. When the membrane used is hydrophilic, the drop size increases with 
increasing the flux, while for a clean metal membrane without any treatment it initially 
decreases, typical of membranes with smaller pore distance. lt must be pointed out that for 
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these results the span obtained is very high. Considering the span (white markers), an optimal 
injection range is visible. Towards the low and very high injection region the span obtained with 
either of the two membranes overlaps. Between 1 and 20 ml/min the span of the emulsion 
obtained with a hydrophilic membrane is lower; hence the emulsions are more monosized. In 
absence of shear, very high and very low injections are very sensitive operating conditions and 
the membrane coating alone does not help in improving the size distribution. 
When shear is applied the effects of the membrane coating becomes more visible on the size 
rather than the span. The shear adds a detaching action which will help in avoiding the oil 
spreading. In Figure 5.1-23 the emulsions resulting from a coated and a non coated membrane 
in presence of shear are compared. The injection rate is 0.4 ml/min, pore size 20 IJm and pore 
distance 200 IJm. A hydrophilic coated membrane gives consistently bigger droplets when 
shear is applied while it can be said that there is no substantial difference in span. 
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Figure 5.1-23 Comparison between emulsion obtained with a coated hydrophilic 
membrane and a clean metal membrane, at the constant injection rate of 
0.4 ml/min and different agitation speeds. 
In Table 5.1.4-1 the equivalent CV% values are summarized for the set of results shown in this 
section. 
Altogether it can be concluded that the membrane coating gives better results when the 
operation conditions are mild. When using very high injection rate, or high shear, a clean metal 
or a coated membrane gives the same results. This conclusion strongly depends on the kind of 
system used too. This is true for sunflower oil in water. lt will be shown later the effect of the 
membrane properties when using for example PLGA and DCM in water. 
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Table 5.1-7 Summary of the results shown in this chapter with CV%, span and size 
highlighted 
no shear 
inj. rate flux CV% span D(n,0.5), llm 
ml/min lm'2h'1 metal hydrophilic metal hydrophilic metal 
0.1 7.5 40.14 51.47 1.084 1.3 271.13 
0.5 37.3 39.34 43.86 1.03 1.175 255.11 
1 74.6 33.58 33.18 0.8751 0.8503 242.83 
5 373.0 27.45 22.03 0.6795 0.533 236.63 
10 746.0 23.8 12.63 0.5957 0.279 263.31 
15 1119.1 22.88 12.53 0.5706 0.277 268.06 
20 1492.1 21.57 25.53 0.5319 0.635 278.37 
25 1865.1 26.84 28.44 0.6826 0.7199 273.4 
0.4 ml/min 
ag. speed shear CV% span D(n,0.5), llm 
rpm Pa metal hydrophilic metal hydrophilic metal 
119 0.3 24.63 21.54 0.6118 0.5344 164.1 
524 3.8 26.05 28.9 0.6097 0.7126 66.74 
928 9.2 23.7 25.56 0.5448 0.6376 50.06 
1131 12.5 27.17 23.07 0.6542 0.551 42.73 
1333 16.1 24.59 28.96 0.581 0.7173 38.88 
1535 20.0 25.83 32 0.6298 0.8072 35.64 
5.2 PLGA Droplet Production 
5.2.1 Continuous Phase Viscosity and Agitation Speed 
Discontinuous phase: 5% PLGA, DCM 
Continuous phase: ROW, PVA 
Membrane Area = 8 cm~ 
Pore distance = 200 IJm 
Pore diameter= 40 1-1m 
Operating conditions: flux = 370 I m-~ h-1 
hydrophilic membrane 
refrigerated bath @ 4 oc 
hydrophilic 
199.05 
221.23 
268.27 
250.82 
273.36 
277.9 
264.76 
262.78 
hydrophilic 
199.6 
78.76 
61.66 
53.4 
51.9 
46.93 
For all the experiments, the discontinuous phase is composed by 5% PLGA in DCM. A full 
membrane with 40 IJm membrane pore and 200 IJm pore distance was used together with an 
injection of 5 ml/min, equivalent to 370 I m-2 h-1• The aim is to produce particles of 100 IJm in 
diameter and the shrinking due to solvent evaporation must be taken in account. That is way 
the initial experiments were conducted with a 40 IJm membrane and a high injection rate. PVA 
was used as stabilizer. Initially 0.1% PVA in water was used and different agitation rates were 
tested. As shown in Figure 5.2-1 the size does not seem to vary with the agitation, grey 
diamonds. This was mainly due to coalescence of the newly formed droplets, more PVA was 
required. The PVA concentration was increased further to 1, 1.5% and 2%. Figure 5.2-1 shows 
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that at the concentration of 1%, the droplet size decreases with an increase in agitation speed, 
as expected from emulsification systems. 
The white markers are the coefficients of variation in percentage. When 1% PVA is used the 
CV% is lower although it never goes below 23% which is quite high for the expected 
performances of the Dispersion Cell. The number of droplets counted for these sets of data 
goes from 95 to 997 depending on their size. When the droplets are bigger, there are less of 
them in a fixed number of microscope pictures. Together with stabilising the droplets, PVA 
increases the phase viscosity and that is why the droplets obtained with 1% PVA are smaller 
than the ones obtained with 0.1% PV A. A further increase in PVA leads to a too high phase 
viscosity; hence a broader size distribution and breakage of particles in the dispersion cell too, 
see Figure 5.2-2c and d. 
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Figure 5.2-1 PLGA droplet size and CV% dependence on agitation speed and PVA 
concentration 
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Figure 5.2-2 Effect of continuous phase viscosity on PLGA droplet: a) 0.1% PVA, b) 
1% PVA, c) 1.5% PVA and d) 2% PVA 
5.2.2 Injection Rate 
Discontinuous phase: 5% PLGA, DCM 
Continuous phase: ROW, 1% PVA 
Membrane Area = 8 cm:.! 
Pore distance = 200 1-1m 
Pore diameter = 40 !Jm 
Operating conditions: 610 rpm 
hydrophilic membrane 
refrigerated bath@ 4°C 
Following from what is known for sunflower oil in water, the injection rate was changed to see 
its effect on size and in order to improve the size distribution too. Using a 40 !Jm membrane 
pore and an agitation of 610 rpm, since it shows to give the wanted droplet size and a good size 
distribution, the injection rate was varied, Figure 5.2-3. The droplets were analyzed taking 13 
pictures and using Image J software. The number of droplets considered varies from 224 to 642 
depending how big they are. 
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Figure 5.2-3 Effect of injection rate on PLGA droplet size. The error bars represent 
twice the standard deviation of the measured droplets. 
Apparently, the size initially increases with an increase in flux up to a maximum and then it 
decreases with it. This kind of behaviour has already been noticed with sunflower oil but for 
higher fluxes value and closer pore distribution, see Section 5.1.3. Also it must be noticed that 
the size distribution is very wide (see error bars) so before any theory is made, there is the 
need to improve the distribution of the droplet size. The next few experiments will all focus on 
this, being an improve in shear or flux not enough, the properties of the phases and the 
membrane surface coating and area will be varied. 
5.2.3 Membrane Coating 
Discontinuous phase: 5% PLGA, DCM 
Continuous phase: ROW, 1% PVA 
Membrane Area = 8 cm:.! 
Pore distance = 200 1-1m 
Pore diameter = 40 J-lm 
Operating conditions: 610 rpm 
flux = 200 I m·2 h"1 
refrigerated bath@ 4°C 
As well reported and shown in Section 5.1.4, it is generally assumed that to produce oil-in-water 
emulsions, the membrane must be treated to become hydrophilic. Considering the nature of the 
phases involved when producing PLGA droplets, and above all the presence of 
dichloromethane, discontinuous phase may be able to spread on a hydrophilic membrane. 
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Some tests were then run to check this and find a better coating. First of all a modified system 
was used to be able to see what happens on the membrane surface. PLGA-DCM is denser 
than water so it is not possible to use the Dispersion Cell in absence of shear, the droplets 
would not detach. An upside-down system was then used, immersed in the continuous phase 
contained in a beaker. This set-up was then suspended and a video camera was placed below 
the beaker, Figure 5.2-4. 
Five different membrane coating were tested: 
A- Nickel sheet, not treated, cleaned with a NaOH solution 
8- Nickel sheet, not treated, cleaned first in NaOH then in HCI solution 
C- Glassed Nickel sheet 
D- Glassed Nickel sheet plus surfactant 
E- Glassed Nickel sheet plus surfactant and backed ( usually referred to as hydrophilic). 
Each membrane was tested as it is and with a pre-soaking in wetting agent (usual procedure) 
before the emulsification process. 
The images from the camera confirmed some degree of spreading on the surface when using 
the usual kind of membrane (E plus wetting agent). But they also showed some spreading 
when using all the others a membrane, Figure 5.2-5, so this test alone was inconclusive. 
Figure 5.2-4 Schematic representation of the modified set up to study what happens at 
the membrane surface during PLGA-DCM emulsification 
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a b 
Figure 5.2-5 PLGA droplet generation at the membrane surface when using a) a nickel 
membrane cleaned with NaOH, type A, or b) a hydrophilic membrane, 
type E. The membrane was secured to the upside down system by silicon 
glue 
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Figure 5.2-6 Effect of membrane coating on size and size distribution for PLGA-DCM 
in water emulsions 
lt is easy to see big drops expanding over several pores. When agitation is applied such big 
drops are unlikely to form, or at least to detach, but it nevertheless shows how far from ideal 
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conditions this system is. To better quantify which membrane is the more suitable, the 
dispersion cell was used to produce an emulsion with each of the above membranes, being all 
the other conditions the same. Pictures of the newly formed emulsion were taken and analyzed 
by Image J to obtain size and size distribution, Figure 5.2-6. 
The bars represent the droplet size, when using the membrane as it is, light grey, or pre-soaked 
in wetting agent, dark grey. The markers represent the CV%, white without pre-soaking and 
grey with pre-soaking in wetting agent. The number of droplets counted varies between 336 
and 910. Apart the odd one, the size is not affected while the best distribution with a CV% value 
of 28% is obtained when using a glassed membrane with surfactant but not baked and without 
pre soaking in wetting agent. The baking procedure guarantees the coating to stay and resist to 
the emulsification and cleaning process. Without the baking, at the second use the membrane 
will be basically only glassed so this is the membrane that is going to be chosen since it will 
have to perform for a few cycles. 
At this point since the resulting emulsions are not as monosized as expected with other 
systems it is worth to compare these results with those obtained for the same system but more 
traditional methods: 
1- the two phases (PLGA-DCM and water-PVA) are mixed in a beaker with a magnetic 
stirrer 
2- the two phases are mixed in the dispersion cell, so to have a controlled shear, but 
without being extruded through the membrane. 
The results are shown in Figure 5.2-7. As usual, the results come from image analysis; the 
number of droplets counted in this case is between 92 and 900. 
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Figure 5.2-7 Size and size distribution of droplets obtained by the dispersion cell, 
simple stirring and stirring inside the dispersion cell 
The bars represent the size, the error bar is the standard deviation of the droplet size and the 
circles are the CV%. Definitely, when non using membrane emulsification the droplets are less 
narrowly distributed and it shows how a degree of control on the shear helps. So, although the 
wide distribution, it is worth to use the Dispersion Cell to make PLGA-DCM droplets in water. 
5.2.4 Membrane Area 
Discontinuous phase: 5% PLGA, DCM 
Continuous phase: ROW, PVA 
Membrane Area= 8, 6.3 and 1.7 cml\2 
Pore distance = 200 11m 
Pore diameter = 40 11m 
Operating conditions: 610 rpm 
flux= 740 and 960 I m-2 h-1 
hydrophilic membrane 
refrigerated bath@ 4°C 
As shown when using sunflower oil, a constant shear can be useful for producing more 
monosized droplets. As previously discussed, the shear in the Dispersion Cell is not uniform but 
reaches a maximum at a certain distance from the centre depending on the agitation speed of 
the continuous phase. To have a more uniform shear then area of the membrane can be 
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blocked. In Figure 5.2-8 the results obtained by using a fully open membrane are compared 
with other four membrane conditions: 
E 
1) "centre glued": the central area up to a radius of 0. 75 cm was blocked by using a silicon 
glue. Due to the action of water and solvent, the layer of silicon tended to peel off after 
a cycle of emulsification and cleaning. 
2) "epoxy ring": only an annular area was left open for the droplet generation and an 
epoxy resin was used to improve the resistance of the layer during the emulsification 
process and cleaning, inner ring radius is 0.75 and outer radius is 1.05 cm. The deposit 
of glue causes a relatively thick discontinuity on the membrane surface so that the 
droplet generation at the boundary of the ring is affected. 
3) "ring syringe pump": the area outside the ring is now blocked chemically with the same 
procedure as when the membrane are coating to avoid the discontinuity caused by the 
glue. A syringe pump was used to inject the discontinuous phase to give a more regular 
flux; 
4) "ring peristaltic pump": the same membrane as 3) has been used but the phase was 
injected by a peristaltic pump leading to an intermittent flux. 
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Figure 5.2-8 Effect of membrane working area on size and size distribution 
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Table 5.2-1 Values for injection, flux, droplet size, CV% and number of particles 
counted for the data presented in Figure 5.2.4-1 
injection median 
rate flux size CV% #particles 
ml/min lm-2h-1 11m 
full membrane 10 746.0 132 41.9 509 
centre glued 10 956.1 148 25.6 625 
epoxy ring 2.1 742.7 155 27.7 689 
ring syringe pump 2.1 742.7 185 29.5 536 
ring peristaltic pump 2.1 742.7 236 36.6 298 
In Table 5.2.4-1 the same values of Figure 5.2.-8 are presented together with the flux and the 
number of particles counted (the droplets were analyzed by Image J). The agitation speed is set 
at 610 rpm at which the transitional radius (where the shear is at its maximum) is at a distance 
of 8 mm from the centre. When using the membrane with the centre glued, the injection was 
kept the same, hence a higher flux was achieved because of the smaller working area. This 
gives a higher drop size, considering the same detachment time, a higher flux leads to a higher 
amount of phase injected prior the droplet detachment. The CV% decreases from 42 to 26%, so 
having a more uniform shear clearly helps in obtaining a more monosized emulsion. In terms of 
shear using the equation presented in 3.1, it is possible to calculate the maximum shear value, 
corresponding to the annular ring at the transitional radius distance, for an agitation of 860 rpm. 
The closer the average shear is to the maximum, the more uniform is the shear across the 
membrane and the more monosized is the produced emulsion. To calculate the various 
average shear the integral in the following equation was calculated considering the different 
open areas: 
r,,ons 1 r •• , ( r ) 0.6 1 
J 0.8257Jmr- (2m- }:Jr + J 0.8251Jm~rans _!!!!!!!__ - (2m-)dr 8 r 8 
r;, r,,aru r average =.....:::.. _________ A....:=;'--------------
active membrane 
Eq. 5.2.4-1 
where 11 is the continuous phase viscosity, w is the agitation speed in rad/s, o is Landau-Lifshitz 
constant, r1rans is the transitional radius, rin is the inner radius for a ring membrane or is equal 0 
and rout is the outer ring radius or the full membrane radius. The calculated values for each 
membrane are presented in Figure 5.2-8 together with the maximum peak shear. As the 
working area becomes smaller the average shear value approaches the maximum one and the 
emulsion becomes more monosized. When using the ring, the injection rate was lowered so to 
have the same flux as a fully open membrane .. Aithough having the same flux and an average 
higher shear, the resulting droplets are bigger in size. 
The choice of a more uniform shear brings definitely an improvement but also the injection 
system is important for PLGA-DCM system. When a peristaltic pump is used, because of the 
discontinuous injection, the improvement in distribution is less significant. lt has been showed 
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as for other systems, the choice of injection device is not important (Egidi et al. 2008, 
Dragosavac et al. 2008), but for PLGA it is. From this point onward a syringe pump will be used 
coupled with a ring membrane. 
5.2.5 Discontinuous Phase Viscosity 
Discontinuous phase: PLGA, DCM 
Continuous phase: ROW, 1% PVA 
Membrane Area = 0.9 cm:.! 
Pore distance = 200 !Jm 
Pore diameter= 40 !Jm 
Operating conditions: 610 rpm 
flux = 400 I m·2 h-1 
hydrophilic membrane 
refrigerated bath@ 4oc 
From the point of view of the operating conditions, all the parameters have been adjusted to 
obtain an emulsion as monosized as possible. A further improvement can be achieved by 
acting on the physical properties of the discontinuous phase. 
lt has been shown before, both here and in Stillwell et al. (2007), how the phase viscosity can 
improve the size distribution of the emulsion. Pure DCM viscosity is very low, 0.449 mPa*s at 
15 oc and with 5% of PLGA and 4 oc it is still really close to the value of water. To increase the 
oil phase viscosity different polymer concentrations have then been tested. As the PLGA 
concentration increases, the phase becomes very viscous and sticky too and since there is a 
lower amount of solvent, it solidifies more quickly. To avoid the polymer solidification during the 
emulsification process (blocking the membrane pores) the highest concentration tested was 
30%. In Figure 5.2-9 and Table 5.2.5-1 are the results. 
Two type of PLGA were tested in this case and they differ for the lactic-glycolic ratio. The one 
used for all the previous data, and which will be used for all the next sets of experiments, has a 
ratio of 48/52 (resomer RG503H, Boehringer lngelheim). The other one is 65/35 (AstraZeneca). 
The lactic/glycolic ratio may vary the degradation rate and in this case it has been used to 
check if it causes any other difference during the particle production. There is no big variation in 
droplet size and practically no difference in CV too so, for droplet generation purposes, the two 
types of polymer give the same result. 
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Table 5.2-2 Effect of discontinuous phase viscosity on size distribution 
PLGA 65/35 48/52 
cone. CV% CV% 
% 
5 29.1 26.7 
10 22.9 19.9 
15 18.4 
20 15.2 19.4 
30 14.3 19.7 
150 o 65/35 size o 48/52size 0.0500 
-+-Viscosity, Pa*s -Water Viscosity, Pa*s . 0.0450 130 "' " l'a 
0.0400 a. 
I.J ~ §. 110 
. 0.0350 ·u; 
ID 0 0 u N 
"' Cii . 0.0300 > 90 
... D Cl) Cl) El D 
"' c. .. 0.0250 l'a 
0 D .c 
.. 70 a. c 0.0200 
"' c: :J 
.!!! 0 
"C :J 
Cl) 50 0.0150 c: 
:::!!: :;::; c: 
0.0100 0 u 
"' 30 . 
0.0050 
iS 
10 0.0000 
0 5 10 15 20 25 30 35 
PLGA Concentration, % 
Figure 5.2-9 Effect of discontinuous phase viscosity on size and size distribution and 
calculated values of viscosity with the change in polymer concentration 
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Figure 5.2-10 Emulsion obtained with different polymer concentration: a) 5% and b) 
30% 
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As the PLGA content increases, the viscosity of the discontinuous phase increases (see 
Appendix 3 for viscosity calculations), the droplet size decreases and the size distribution 
becomes more monosized. An increase in viscosity results in an increase in Drag force, section 
3.1, hence the droplets detach earlier and they are smaller in size. The coefficient of variation 
goes from 29% when 5% PLGA is used to 14% when 30% of PLGA is used, successfully 
improving the distribution. In Figure 5.2-10 are two examples of the single emulsion formed with 
different PLGA concentration. 
5.2.6 Solvent and Emulsification Temperature 
lt has been shown how polymer concentration (i.e. phase viscosity) and a ring membrane (i.e. 
uniform shear) are necessary for the PLGA-DCM in water system to obtain a monosized 
emulsion. Also a glassed membrane and a syringe pump provide better results. The two 
remaining aspects that can be improved are: the use of dichloromethane as solvent and the 
refrigerated environment. 
Being the use of these particles in the pharmaceutical field and in particular for administration to 
humans, dichloromethane is not an optimal choice since DCM is well known for its toxicity. On 
the other end, the solvent is expected to evaporate away from the droplets to allow then to 
solidify. DCM is widely used as solvent for PLGA and there are researches (O'Donnell & 
McGrinity 1997, Pistel et al. 1999) that have investigated the traces of it in final particles, 
showing that the DCM not evaporated does not exceed the maximum quantity allowed. 
Nevertheless, a run using a different solvent has been attempted, and ethyl acetate has been 
chosen. In Figure 5.2-11 are the resulting droplets. Initially, the emulsification was conducted at 
room temperature since ethyl acetate boiling point is higher than the DCM one, see Table 5.2.6-
1. The pictures shown are of the droplets newly formed and it is clear that the solvent evaporate 
very quickly and the droplets solidify immediately. The irregular shape is the result of the 
agitation inside the cell. Ethyl acetate, although having a lower evaporation temperature, has a 
higher solubility in water. Possibly, the solidification happens so quickly that the droplet can 
hardly gain a stable spherical shape, then there is a phase during which the droplets are 
malleable, they deform if they come in contact with other drops and then they keep this altered 
shape. The emulsification was also conducted in a refrigerated bath to slow down the transfer 
of solvent from the droplets into the water phase, without any improvement though. After this 
attempt and based on other literature, DCM has been chosen as more suitable solvent for the 
particle preparation. 
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a b 
Figure 5.2-11 PLGA droplets obtained with ethyl acetate as solvent. The emulsification 
was conducted at room temperature, a, and in a refrigerated bath at 4 oc, 
b 
Table 5.2-3 Evaporation temperature and solubility values for DCM and ethyl acetate 
dichloromethane 
ethyl acetate 
formula MW Boiling solubility 
CH 2CI2 
CH3COOCH 2CH3 
g/mol 
84.93 
88.1 
point in 100 g 
•c ofwater 
39.8 1.3 
77.1 8.3 
The temperature at which to conduct the emulsification process is another issue. Initially, the 
temperature was kept low to slow down the solvent evaporation avoiding solidification during 
the emulsification process and blockage of the pores. lt is reported in the literature (Yang et al. 
2000, Stephen & Stephen 1963) a double effect of temperature on DCM evaporation: a low 
temperature slows down the evaporation from the water phase into the air but it increases the 
solubility of DCM, increasing the rate of DCM going from the droplets into the water phase. To 
simplify the process, it was decided to run the emulsification step at room temperature. 
Precautions to avoid solidification during this step were still needed. lt is well reported (AI-
Maaieh & Flanagan 2001) that salt in the water phase lowers the solubility of DCM and the 
presence of DCM itself in the water phase affects the diffusion equilibrium. So NaCI and DCM 
were added to the water phase. Two runs were initially done still in the refrigerated bath to 
check if the presence of salt or DCM in the water phase affects the droplet size or size 
distribution. Having these runs shown no difference from those without these components 
(results not shown), NaCI and DCM were added to the phase and the emulsification was 
conducted at room temperature. 
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5.2. 7 Model Comparison 
Discontinuous phase: 15% PLGA, DCM 
Continuous phase: ROW, 1% PVA, NaCI, DCM 
Membrane Area = 0.9 cm<! 
Pore distance = 200 1-1m 
Pore diameter= 7, 20 and 40 !Jm 
Operating conditions: 610 and 860 rpm 
flux = 400 I m·2 h"1 
glassed membrane 
room temperature 
As a result of these developing studies, the best phase composition and operating parameter 
have been found and the resulting emulsion has been used as a comparison for the size 
predicting model shown in Section 3.1. The best operating conditions to achieve a monosized 
emulsion are a ring, glassed membrane, 15% of PLGA in the discontinuous phase, 1% PVA, 
salt and DCM in the continuous phase, a flux of 400 I m·2 h"1 and room temperature. With these 
operating conditions three membrane pore size were used to be able to produce droplets in a 
range of monosized diameters. The model was compared with the droplet diameter since the 
final particle diameter is affected by the solvent removal too. 
The model requires the knowledge of the physical properties of the phases: density and 
viscosity of the continuous phase and the system interfacial tension. The viscosity was 
assumed equal to the ones of pure water although the presence of 1% PVA, salt and DCM 
since it differed too little from the value for pure water for the viscometer to be accurate. 
Because of the presence of a high agitation and a relatively small diameter, the buoyancy effect 
is not noticeable hence the difference in density between the two phases is not important. The 
empirical determination of the interfacial tension is an important issue. Since the interfacial 
tension is specific of the two phase composition, it is not possible to find it in the literature. An 
attempt to measure it by the platinum ring method was pursued. Briefly, the two phases are 
placed in a small beaker in order to have a well defined and disruption free interface. The ring 
must be immersed in the lower phase and then pulled up, forming a menisc. The tension at 
which the menisc breaks is the interfacial tension. During this process, the DCM in the water 
phase will evaporate and fresh DCM from the oil phase will pass into the water, affecting the 
measurements too. This factor together with the difficulties presented by the sticky nature of the 
oil phase make this method not totally reliable. To have a comparison with the model, a range 
of interfacial tension has been used, from the measured one to the same as for sunflower oil in 
water, looking for the best one. Results are shown in Figure 5.2-12. 
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Figure 5.2-12 Comparison between model prediction and data for PLGA-DCM droplets 
in water, assuming the interfacial tension equal to the one for the 
sunflower oil in water system 
The lines represent the model prediction for different membrane pore sizes, with the variation of 
the agitation speed using the same interfacial tension measured for sunflower oil in water, 6.8 
mN/m. Considering the full 40 (Jm membrane, the prediction is quite distant from the actual 
droplet size. lt must be pointed out that the size distribution of these droplets is very wide and 
this makes a significant comparison difficult. When using a ring membrane, the distribution is 
narrower and the data more comparable. The measured interfacial tension with the Pt ring 
method for a solution of 5% and 15% PLGA in DCM were quite similar and the average value 
was 2.8 mN/m. When using this interfacial tension value in the model, the prediction greatly 
underestimate the actual droplet size. Although from the experimental measurements, the 
PLGA concentration does not seem to have an effect on the interfacial tension, the obtained 
droplet size is smaller at higher viscosities. lt would be interesting for future investigations to 
conduct emulsification using ring membranes and different membrane size and viscosity over a 
range of agitation speed, in order to be able to determinate a suitable interfacial tension. 
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6 Results and Discussion for PLGA Particles 
6.1 Solidification 
Once the liquid droplets were obtained, the solvent evaporated to allow them to solidify into 
PLGA particles. As the solvent evaporates away, the concentration of polymer in the phase 
increases and it solidifies. The literature presents a wide variety of solidification techniques. lt is 
important to maintain the size and size distribution, to avoid droplet coalescence and droplet 
breakage, tC? remove the vast majority of the solvent but also to avoid having a too long process 
resulting in losing some of the encapsulating phase as a result of release. 
The DCM evaporation has two steps: DCM solution from the polymer phase into the water 
phase, where the exchange surface is the droplet surface area, and the evaporation from the 
water phase into the surrounding outer air phase. In this case the surface is the open surface of 
the beaker used. There are also different theories on which of these two the controlling step is 
and whether an increase in temperature would accelerate the process or not (Yang et al. 2000). 
Also, it is possible to affect the porosity and the surface morphology by varying the solvent 
evaporation rate. 
After forming the drops, the next step was to maintain the shape and size distribution during the 
solidification. During this stage, the solvent leaves the system, so particle shrinkage is to be 
expected. The droplets are very unstable they may collide and coalesce, or be broken by the 
shear. The amount of PLGA used for these tests was 5%, in 95% DCM. As shown in Figure 
6.1-1, all the final solidified particles are smaller than the original droplets and they all shrank to 
the same size. The solidification methods are referred to with the same letters as shown in 
Table 6.1-1. For method A, Band D the volume reduction corresponds to 95%, while in C the 
initial droplet size is smaller and the volume reduction is of only 90%. 
Table 6.1-1 Solidification methods employed for the PLGA particles 
Method Duration Evaporation Continuous Agitation 
hours 
A- Fast 2 
B- Grad 24 
C- Slow 24 
D- Very slow 72 
area 
cm
2 
150 
150 
so 
1.7 
phase added speed 
ml rpm 
850 120 
450 120 
120 
120 
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Figure 6.1-1 Size and size distribution variation during solidification 
When performing a fast or a slow solidification, the distribution of the particles is definitely better 
than the size distribution of the droplets. 
lt appeared that when the solidification time is too long, D, the droplets display a very long 
unstable period and their final shape is no longer spherical but elongated by the mild stirring, 
Figure 6.1-2b. All the other particles are spherical and with an orange peel surface effect, see 
Figure 6.1-2a. 
The solidification methods chosen did not appear to influence the outer surface morphology, as 
also obtained in Jeyanthi et al. (1996). 
At this stage, before moving to double emulsion encapsulated particles, the collection methods 
were tried to test the strength of the produced particles. The particles were collected by filtration 
with a paper filter (Watman number 3) and washed with reverse osmosis water three times. 
After this the particles were left to dry overnight on the filter. Under this condition the particles 
form a compact cake and they disperse again once back in a water medium. The 
measurements performed by the Malvern of the particles in water after filtration and drying 
shows that the size is maintained but the size distribution is slightly worse, Figure 6.1-3. In the 
figure, in black is the number_ distribution of the particles obtained by solidification method A 
(fast). In grey is the measurement obtained for the same particles after they were filtered, 
washed, left to dry overnight and then dispersed again in water. The peak is in the same area 
but lower and this indicates a wider size distribution. The collection and drying methods used is 
very basic so it will be easy, if of interest, to improve this final stage of production. For this 
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research, the particles were not dried. They were filtered and rinsed to remove any trace of the 
continuous phase and then used as will be shown. 
a) C b) D 
Figure 6.1-2 Microscope images of solid particles obtained with the two different 
solidification methods: a) C- Slow, and b) D- Very slow 
As a quick test, some particles were dried by spray drying in vacuum conditions. PLGA glass 
transition temperature is between 44 and 48 oc so it is important to maintain a low temperature 
during the process and a spray drier helps in maintaining the particles separated during the 
drying process. A powder was successfully obtained, see Figure 6.1-4. The powder tends to 
absorb the humidity from the air very easily and the separate particles tend then to stick 
together. If the powder is the sought final product it is important to keep the particles in a dry 
environment. 
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Figure 6.1-3 Difference in size distribution before and after filtration and drying on the 
filter overnight 
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Figure 6.1-4 Comparison between dry particles obtained by overnight drying in the 
filter (left) and spray drier (right) 
6.2 Double Emulsions 
6.2.1 Encapsulated Droplet Production 
Inner water phase: 1000 ppm blue dextran, 40 g/1 NaCI, water 
Discontinuous phase: 5, 10, 15% PLGA, DCM 
Outer water phase: ROW, 1% PVA, 13, 26, 33, 40 g/1 NaCI, 
DCM 
Primary emulsification: Homogenizer 
Membrane Area = 0.9 cm2 
Pore distance = 200 11m 
Pore diameter = 20 and 40 11m 
Operating conditions: 610 and 860 rpm 
flux= 400 I m·2 h"1 
glassed membrane 
room temperature 
Before focusing on the polymer particles and their characterization, it is interesting to see what 
the differences are between a single and a double emulsion droplet when using the same 
discontinuous and outer continuous phase. 
Two different membrane pores were used in order to achieve different particle size. A 40 11m 
membrane pore and an agitation of 610 rpm were used to produce a final particle size of 100 
11m while a 20 11m membrane pore and an agitation of 860 rpm was used to achieve smaller 
particles, around 50 IJm. Considering the shrinkage due to solvent evaporation, the droplets 
must be initially bigger than the final size. 
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As the shrinkage is an important factor for the final size, different parameters have been tested 
to try to influence this stage. For this reason, different polymer concentrations and the presence 
of osmotic pressure have been studied. 
lt has already been shown how the presence of salt in the outer water phase is necessary to 
slow down the solvent evaporation during the emulsification stage. Because now two water 
phases are present, it is necessary to balance a possible osmotic pressure arising from a 
difference in salt concentration. Also, two other reasons for having salt in the inner water phase 
are reported: salt may help in stabilizing the encapsulated drug when this is a protein (Perez-
Rodriguez et al. 2003, Perez & Griebenow 2003) and some drugs may cause osmotic pressure 
due to their formulation (Han et al. 2001 ). Hence, it is required to study the effects of osmotic 
pressure and the possible need to balance it. In the experiments the inner phase contained 40 
g/1 salt and outer/inner salt ratios used were between 1/1 (same concentration of salt in the 
inner and outer water phase) to a ratio of 1/3 (outer phase salt concentration of 13 g/1, inner 
phase salt concentration of 40 g/1). Figures 6.2-1 and 6.2-2 illustrate the variation in the droplet 
median size as a function of the ratio of the salt concentration outer/inner. There is no osmotic 
pressure when the salt concentration is equal between the phases. 
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Figure 6.2-1 Effects of osmotic pressure and polymer concentration on droplet size 
when using a 40 IJm membrane pore and performing double and single 
emulsions. The error bars represent the standard deviation. 
In Figure 6.2-1 the white and grey diamonds represent two different polymer concentrations in 
the oil phase, while the black diamond is the size obtained by performing a single 
emulsification, with no water phase encapsulated, when using a 40 !Jm membrane. Considering 
the droplet size, it is clear that the polymer concentration has no effect and also the osmotic 
pressure has little effect at the emulsification stage. The error bars show the coefficient of 
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variation. This appears to be affected by the relative salt concentration, being higher when a 
strong osmotic pressure is present (1/3). The coefficient of variation is generally quite high, 
staying between 30 and 35% with a best result of 18% and a worse of 40%. All these values 
were calculated based on the analysis of microscope images by the software lmageJ. The 
number of droplets considered was 300 or above, up to 1100. When a single emulsification was 
performed, black diamond, it is not possible to define an outer/inner salt ratio anymore since the 
inner phase is missing. The resulting size for the single emulsification is positioned to match the 
same outer salt concentration of the water phase that was used. As expected and shown also 
in lto & Makino (2004) being all the conditions the same, the droplets are bigger when 
encapsulating an inner phase. 
In Figure 6.2-2 the same kind of results are shown but this time using a 20 !Jm membrane, 
hence producing smaller droplets. Again, the polymer concentration does not seem to have an 
effect during emulsification. In this case the size dependence on the osmotic pressure seems to 
be stronger but the droplets are not narrowly distributed. For this set of experiments, between 
500 and 700 droplets were measured. 
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Figure 6.2-2 Effects of osmotic pressure and polymer concentration on droplet size 
when using a 20 JJm membrane pore and performing double emulsions. 
The error bars represent the standard deviation. 
6.2.2 Encapsulated Particle Production 
The droplets obtained with the above illustrated conditions were all solidified by the same 
method. The newly obtained emulsion was poured in to a 400 ml beaker, open surface 50 cm2, 
and stirred overnight at a speed of 120 rpm to keep the solidifying droplets suspended and 
apart. This corresponds to the previously discussed solidification method C - slow. 
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Table 6.2-1 provides values of the span and CV% for the encapsulated particles using a variety 
of ratios of internal phase to external phase salt concentration. At lower ratios it is likely that 
water enters the drop, which then solidifies, so a larger diameter particle results from the 
process than the one given by a ratio of 1:1. This effect is apparent for all concentrations of 
PLGA used in the process and for the two membrane pore sizes tested. The particle size and 
volume reduction as a function of the osmotic pressure are presented in Figure 6.2-3 and 6.2-4. 
Table 6.2-1 Different number size distribution spans obtained for PLGA encapsulated 
particles at different PLGA concentration, size and outer phase salt 
concentrations 
40 11m membrane pore diameter 20 11m membrane pore diameter 
Salt Ratio Particle Salt Ratio Particle 
span CV% span CV% 
15% PLGA 1 0.4734 19.2 15% PLGA 1 0.5977 23.4 
5/6 0.4636 18.9 5/6 0.2975 12.8 
2/3 0.3789 16.0 2/3 0.3483 14.9 
1/3 0.5037 20.3 1/3 0.8244 34.5 
5% PLGA 1 0.7793 29.8 10% PLGA 1 0.3021 13.1 
5/6 0.4379 17.8 5/6 0.3237 13.7 
2/3 0.5181 20.8 2/3 0.3608 15.3 
1/3 0.6061 24.2 1/3 0.3428 14.6 
5%PLGA 1 0.3318 13.7 
5/6 0.3477 15.0 
2/3 3.8500 41.8 
1/3 3.6600 96.4 
Some of the results shown are the average between a few repetitions to check reproducibility 
and reliability. The particle size and span were given by the Malvern Mastersizer. lt is possible 
to see that the particles are more monosized than the originating emulsion. For the same 
percentage of volume shrinkage, the reduction in diameter is higher for bigger droplets. This 
may help in obtaining a more uniform final result. Also it shows that the solidification method is 
successful! in keeping the droplets apart avoiding coalescence. 
In Figure 6.2-3 the final encapsulated particle diameters are shown as a function of the osmotic 
pressure. As before, the osmotic pressure is shown as ratio between the outer and inner salt 
concentration. When it is 1, the inner water pahse has the same salt concentration as the outer 
water phase and there is no osmotic pressure. 1/3 is the strongest osmotic pressure tested and 
the inner water phase contains three times more salt than the outer one. lt shows how particles 
produced with a 40 IJm membrane are in the sought range of 100 IJm in diameter while particles 
produced with a 20 IJm membrane are around 50 IJm in diameter. 
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The osmotic pressure effect on particle size is stronger than it was over the droplet size. During 
the solidification stage, which lasted overnight, the osmotic pressure creates an inward water 
flux. The final particle size is the result of the shrinkage due to solvent removal and the opposite 
inward water flux. 
PLGA concentration does not appear to affect the particle size or shrinkage. For a given 
amount of inner water phase the same amount of shrinkage occurs despite the fact that the 
amount of PLGA is lower when a lower concentration is used. lt is likely that this has an 
influence on the structure of the PLGA matrix, which is likely to be an important factor in the 
drug release. Mao et al., (2007) found that an increase in polymer concentration leads to an 
increase in particle size. They produced particles encapsulating a water soluble drug by double 
homogenization. Because of the technique chosen, it was explained that an increase in 
viscosity leads to bigger droplets hence particles. 
In Figure 6.2-4 the volume reduction is presented as a function of the osmotic pressure. The 
data obtained by lmageJ about the droplets and the data from the Malvern Mastersizer about 
the particles are compared. Prior to that, three pictures of solid particles were taken and 
analyzed by lmageJ too. The results obtained were compared with those from the Malvern 
Mastersizer and checked that the two methods are comparable, Appendix B. Having used 5, 10 
and 15% of polymer and being the remaining part of the oil phase made of solvent, a shrinkage 
corresponding to 95, 90 and 85% could be expected. As it is possible to see from Figure 6.2-4 
this is not the case. When osmotic pressure is present, the inward water phase blocks the 
particle from shrinking so the total volume reduction is the lowest. The maximum volume 
reduction is possible when no osmotic pressure is applied but it does not match the full amount 
of solvent. This shows the presence of a porous structure which may be important for the 
encapsulation efficiency and the release behaviour of the particles. 
Droplets Particles 
Figure 6.2-5 Microscopic images of the droplets and respective particles obtained with 
a 20 J.Jm membrane pore size; particle size = 53.58 J.Jm, particle span = 
0.297 
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Droplets Particles 
Figure 6.2-6 Microscopic images of the droplets and respective particles obtained with 
a 40 ~m membrane pore size; particle size= 101.51 ~m, particle span= 
0.3789 
a) 20 ~m b) 40 ~m 
Figure 6.2-7 microscope images taken with a higher magnification of particles 
obtained with a 20 ~m membrane pore, a) and 40 ~m membrane pore, b) 
Figures 6.2-5 and 6.2-6 show on the left column the droplets generated with the two different 
membrane pore sizes and on the right column the respective final particles. The scale for all the 
four pictures is the same and it is possible to notice the variation in size from droplets to 
particles and between droplets obtained with different membrane pores. Figure 6.2-7 shows a 
closer look of the surface morphology of the particles obtained with the two different membrane 
pore sizes. 
Together with the particle size and size distribution an important parameter to characterize the 
beads is the encapsulation efficiency. To avoid to break the particles to measure the amount of 
water phase trapped inside, the amount of Blue dextran that has leaked out during the 
emulsification and solidification processes has been measured so the encapsulation efficiency, 
E, has been calculated as: 
e = Blue initial inner cone.- Blue in outer water phase cone. ·I 00 
Blue initial inner cone. 
Eq. 6.2-1 
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The encapsulation efficiency for the different operating conditions is shown in Figure 6.2-8. An 
encapsulation efficiency of less than 100% may be due to two effects: disruption of the primary 
W/0 emulsion which is being emulsified into a W/0/W emulsion, and by the leaching out of 
material from the inner aqueous phase after the encapsulated particles have been formed. 
Forming large encapsulated particles, particle diameters bigger than approximately 10 !Jm, is 
quite challenging as the larger drops tend to be more easily ruptured. Hence, it may be possible 
to create a W/0 emulsion using a mechanical homogeniser, but the subsequent creation of the 
secondary emulsion (to form a W/0/W emulsion) is unlikely to have a high encapsulation 
efficiency if a mechanical homogeniser is again used, as the high shear will break the primary 
emulsion releasing the internal water phase. Thus, a gentle technique for the formation of the 
secondary emulsion is required, that will not give rise to rupture of the primary emulsion. 
Conventional membrane emulsification uses tortuous pore channel type membrane structures, 
which provide lower shear conditions than a mechanical homogeniser, but still provide 
significant opportunities for disruption of the primary emulsion which is being injected through 
these tortuous pore channels. The membrane used in this study, and illustrated in Figure 4.2-1, 
does not use a tortuous pore channel and provides a very short and gentle shear path for the 
primary emulsion to flow through to the surface of the membrane, where it is sheared in a 
controlled manner by the shear imposed at the membrane surface arising from the stirrer. 
Hence, very high encapsulation efficiencies can be provided, as illustrated in Figure 6.2-8. 
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The second effect, leaching of the inner water phase material, may partially be influenced by 
the water transport due to osmotic gradients. When osmotic transport is high it is possible that 
pathways for transfer between the two aqueous phases (internal and external) become 
available. When 15% PLGA is used, the encapsulation efficiency does not depend on the 
osmotic pressure and it is higher for larger particles, provided by the 40 IJm pore size 
membrane. Generally, a higher PLGA concentration gives higher entrapment efficiency, when 
all the other variables are constant. When a lower PLGA concentration is used, the different salt 
concentration becomes important and the encapsulation efficiency is lower when less salt is 
used in the outer phase. This effect is very noticeable with the smaller particles, formed using 
the 20 !Jm pore size membrane. 
As described previously, (Ghaderi et al. 1996), the particles are formed by progressive loss of 
the organic solvent, so an increase in the PLGA concentration of the oil phase leads to a 
shorter time needed for solidification. The dominating loss of inner phase is believed to be due 
to transport to the external phase, and if the unstable time is shorter, then the loss of the inner 
phase will be lower. Also, higher PLGA concentrations result in a higher viscosity of the oil 
phase, which restricts the transport of the inner phase material towards the outer phase 
(Herrmann & Bodmeier 1995). The diffusion of the inner phase material is also influenced by 
the size of the particle (Kim et al. 2006). These conditions help explain why smaller particles 
have a lower encapsulation efficiency. lt is also notable that when the droplets are smaller the 
interfacial area between the emulsion droplets and the external water phase is larger; hence the 
drug contained in the inner water phase has more area over which to diffuse. Moreover, the 
smaller the size, the shorter is the distance for the drug to reach the drop/particle surface. 
As shown for PLA and PLA/PLGA mixtures, when the osmotic pressure is high, water from the 
outer phase tends to enter the particles, leaving behind pores which provide exit routes for the 
inner phase once the particle has completely solidified (Han et al. 2001, Liu et al. 2006). At the 
same time, two other effects play an important role. Increasing salt concentration increases 
microsphere drug loading by reducing drug aqueous solubility, and at the same time it may 
decrease microsphere drug loading by depressing organic solvent solubility in the aqueous 
phase (AI-Maaieh & Flanagan 2001 ). However, in the case where all the organic solvent is 
removed the latter effect is appropriate to the kinetics of the solidification process as, at 
equilibrium, all the solvent will be removed regardless of the solvent solubility. Other 
researchers on PLA have shown that the necessity to control the osmotic pressure is greater 
when membrane emulsification is used. lt has been suggested that increasing encapsulation 
efficiency can be obtained by preparing the initial emulsion by using a membrane, rather than a 
homogeniser and controlling the osmotic pressure (Liu et al. 2005a). 
To further improve the encapsulation efficiency and shorten the production process, a fast 
solidification was tested on encapsulated particles. Three double emulsions were produced, 
with three different membrane pore diameters: 7, 20 and 40 !Jm. All the other conditions are the 
same and they all contain the same amount of inner water phase as the previous experiments. 
The solidification method is different: to speed it up each emulsion (160 ml} was poured in 1 I of 
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continuous phase contained in a 2 I beaker and stirred for 2 hours. After this period the 
solidified particles underwent the same kind of tests (size analysis, microscope images and 
filtration). Due to the higher amount of continuous phase, it is not possible to measure the 
encapsulation efficiency by measuring the amount of Blue Dextran in the outer phase. The 
addition of 1 I of water phase leads to a very high dilution and the concentration is too low for 
the instrument to detect any trace of Blue. To be able to measure the encapsulation efficiency it 
is then necessary to collect the particles and break them in order to directly measure the 
amount of Blue Dextran encapsulated. A pilot test was run to choose the best solvent to see if it 
was possible to completely dissolve the particles and be able to collect all the blue inside. 
Dichloromethane, chloroform and sodium chloride were tested. In three different samples the 
same amount of particles was re-suspended in 50 ml of reverse osmosis water and 50 ml of a 
different solvent in each were added. The samples were shaken and sonicated. The best result 
was given by the sodium chloride. A clear phase was left, suitable for UV spectrophotometer 
analysis, see appendix for calibration. In this way it was possible to measure the encapsulation 
efficiency. There are a number of drawbacks for this method: 
1) some of the particles are inevitably lost during the process of filtration, during the 
analysis by the Malvern Mastersizer to measure the size and size distribution and on 
the microscope glass when taking pictures of them so some of the encapsulated blue 
dextran is lost with them possibly giving a lower encapsulation efficiency; 
2) measurements of the same sample made a few days later measured a higher Blue 
concentration. lt may indicate that the NaCI is still acting on the solution and interfering 
with the measurements; 
3) if it is necessary to break the particles to measure the encapsulation efficiency, then it is 
not possible to use the same particles for the drug release studies. lt is necessary to 
make another batch of particles without being able to link the encapsulation efficiency 
exactly to the same releasing particles. 
Anyway, as visible from Figure 6.2-9, a quicker solidification stage brings many advantages for 
particles obtained with the three different membrane pores. 
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Figure 6.2-9 Effect of Solidification method on encapsulated particle size, size 
distribution and apparent encapsulation efficiency 
The particle size obtained with a slow (grey diamond) or fast (white diamonds) solidification 
methods do not differ much. lt must be highlighted that in both cases the salt concentrations of 
inner and outer phase are balanced and there is no osmotic pressure creating an inward flux. 
Probably, in presence of osmotic pressure, a longer solidification time would result in bigger 
particles than those obtained with a quicker method. The main differences are in size 
distribution and encapsulation efficiencies. The span of particles obtained with a fast 
solidification (white squares) is generally very low, between 0.25 and 0.4. For particles obtained 
with the slow method the spans are higher (grey squares) and they decrease with the increase 
in particle size (i.e. increase in membrane pore size). Finally considering the encapsulation 
efficiency (circle grey for slow and white for fast), as expected it is higher when the solidification 
phase is shorter. The result for particles produced with a 20 j..lm membrane is actually above 
100% and this can be due to problems with the method as explained in 4.3.2. 
6.3 Release Studies 
6.3.1 Blue Dextran 
The Dispersion Cell permits the production of a sizeable enough amount of monosized particles 
so that it is possible to divide them into ten independent samples. Usually (Perez-Rodriguez et 
al. 2003, Varde & Pack 2007, Berkland et al. 2001, AI-Maaieh & Flanagan 2001) the release is 
studied by removing only the release medium and replacing it, without disturbing the particles, 
so as not to change their number, or otherwise influence their degradation. In this work, at 
regular intervals, a sample of particles were taken out of the shaking bath and completely 
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analyzed. The remaining particles in the other samples continued the release process 
undisturbed. Hence, following this procedure, it is possible to monitor changes in size, size 
distribution and surface morphology of the particles during the release together with the amount 
of blue dextran released by UV analysis. Blank particles (still W/OM/ emulsions but without blue 
dextran) were produced to see how the PLGA degradation products interfere with the UV 
measurements. 
6.3.1.1 Change in Size during Release 
In Figure 6.3-1 a typical trend of size change during release is presented. D(n,O.S) represents 
the median size of the number distribution as given by the Malvern Mastersizer. Day 0 
represents the particle at the end of the solidification stage, prior to filtration and separation into 
samples. As expected, a 40 IJm pore diameter membrane gives particles of 100 IJm in diameter, 
a 20 IJm membrane gives particles in the region of 50 while a 7 1Jm membrane gives particle 
between 35 and 40 IJm. During the release, the particles appear to swell for a period until the 
polymer degradation starts and then the size decreases gradually. Towards the end there are 
not many particles left and they are not enough for the instrument (Malvern Mastersizer) to 
reach the minimum obscuration level required for analysis. Also, because of the change in inner 
morphology, the refractive index is continuously changing. Measurements taken from the 
particle pictures by Image J show that the final particle size levels off at around 30 IJm but the 
overall behaviour is confirmed. 
When the particles are bigger (obtained by a 40 IJm membrane) they reach maximum swelling 
later than the smaller ones, at day 15-20 rather than day 11 and 13 for 7 and 20 IJm 
respectively. Typically the beginning of PLGA degradation is around day 10 (AI-Maaieh & 
Flanagan 2001 ). Particles obtained by 20 and 7 IJm membranes behave quite similarly since 
they do not differ much in size at the beginning and they reach maximum swelling in the same 
period. Also, for the 40 IJm membrane particles, there appears to be a lag time before the size 
starts increasing. The particle size is related to the surface area-volume ratio. A small size 
leads to a higher ratio, hence a quicker hydration of the particles surrounded by the water 
medium and the swelling process starts immediately. With the smaller size, the acidic pH 
required to begin the degradation process is reached more quickly. 
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0 
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Change in size of particles obtained with different membrane pore size 
al water phases during and 15% salt concentration in internal and extern 
release of the dextran marker 
See Table 6.3-1 for the exact day of the maximum swelling and perc entage of volume increase 
he release studies. and initial span and encapsulation efficiency of the particles used fort 
Table 6.3-1 Experimental conditions and characterization of p roduced articles 
membrane inner salt outer salt salt PLGA particle 
pore cone. cone ratio cone size 
diameter 
IJm on o/1 % 1Jm 
40 40 40 1 15 91 
1 15 86 
1 5 85 
1 5 81 
40 13 1/3 15 117 
1/3 5 111 
13 13 1 15 95 
20 40 40 1 15 36 
40 13 1/3 15 61 
13 13 1 15 49 
7 13 13 1 15 41 
1 15 37 
span volume 
reduction 
% 
0.599 42.6 
0.437 42.6 
0.533 58.7 
0.605 74.9 
0.609 28.8 
0.583 22.6 
0.669 60.5 
0.881 80.2 
1.300 75 
0.643 72.4 
0.630 69.0 
0.449 72.2 
encaps ul 
eff 
% 
8 3.9 
nk bla 
8 5.4 
nk bla 
73. 75 
3 0.4 
6 1.2 
9 5.2 
8 8.1 
72 
8 7.1 
ank bl 
release: 
salt in maximum maximum 
PBS swelling volume 
increase 
% 
0 16 89.1 
0 16 80.6 
0 14 105.4 
0 23 109.4 
0 20 43.9 
0 12 35.9 
0 20 140.8 
40 7 46.9 
40 9 64.1 
0 13 244 
0 11 93.8 
0 13 82.2 
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Figure 6.3-2 Change In size of particle during release obtained by a 7 J.lm membrane, 
encapsulating a water phase (W/0/W) or obtained by a single 
emulsification (0/W) 
This change in size pattern during release is typical of particles encapsulating a water phase. 
Simple particles, e.g. obtained by a single emulsification, were also produced. This kind of 
particle would be suitable for oil soluble drugs. An oil phase made of PLGA and DCM was 
injected in the continuous phase (usual combination of PVA, salt and DCM} under the same 
conditions as when water encapsulating droplets were produced. They also underwent 
solidification and release studies following the same procedures. In Figure 6.3-2 the change in 
size of these particles is shown and compared with the double emulsification ones. While 
particles obtained by a double emulsification swell up to a maximum and then their size 
decreases due to PLGA degradation, particles not encapsulating a water phase grow in size 
until losing their structure, see also Figure 6.3-13. 
A parameter that should affect the change in size during release is the osmotic pressure during 
particle production. A difference in salt concentration between inner and outer water phases 
during particle solidification creates an osmotic pressure which may cause a water flux and the 
presence of pores, see 6.2.2. These pores affect the encapsulation efficiency since they are 
used by the inner water to leak out. During the release tests the difference between the 
particles is only the porosity, or inner structure, since the outer water phase has been removed 
and changed with the same PBS solution. The particles obtained with a higher osmotic 
pressure are more porous and have a slightly lower inner salt concentration (due to the influx of 
water during solidification}. In Figure 6.3-3 the change in size during release of particles 
obtained with a difference in salt concentration are compared. 1/1 represents an identical salt 
concentration, hence no osmotic pressure, while 1/3 indicates that the inner salt concentration 
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is three times higher than the outer one during the production, hence very strong inward water 
flux and high porosity results. 
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Figure 6.3-3 Comparison between the change in size during release for 40 !Jm 
membrane and when two different osmotic pressures were used during 
particle production 
The size at day 0 of the latter particles is bigger, due to the inward water flux, as discussed in 
6.2.2. The size release profile proceeds without major differences though. They both present a 
lag time before swelling starts, starting degradation at the same time. Less porous particles, 
those ones obtained with no osmotic pressure, 1/1, reach a maximum volume increase 
percentage higher than the more porous one. This could be due to the fact that particles 
obtained with an osmotic pressure have already expanded during the production phase, giving 
a bigger size due to water intake. 
In the initial experiments on PLGA particle production, the inner water phase contains a salt 
concentration of 40 g/1. The swelling was thought to be due to this inner salt causing a new 
osmotic pressure between the inner water phase and the release water medium made of PBS. 
Salt was added to the latter and these results were compared with what happens in terms of 
size variation and release when there is no additional salt in the water release medium. it is 
difficult to exactly balance the salt concentration during the release. Salt (NaCI) is already 
present in the PBS solution (8 g/1) together with other different salts (KCI, Na2HP04, and 
KH2P04). The initial inner concentration is known but during the solidification itself there is 
water intake. Since the drug release data present a lag time corresponding to the swelling 
period, suppressing the swelling should help avoid the lag time period. The results from this set 
of experiments were not conclusive, in some cases swelling was still visible and they all 
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presented a lag time in the model-drug release. The inner salt concentration during production 
was lowered to 13 g/1 and no salt was added to the PBS solution, to better mimic body 
conditions and lower the swelling, if it is due to the presence of osmotic pressure. As shown in 
section 6.2, presence of salt in the outer water phase is necessary to avoid solidification during 
emulsification and pore blockage. This is the lower limit for the salt concentration in the inner 
water phase too. If no salt at all is added in the inner water phase an osmotic pressure for the 
water to exit the particles will be created, lowering the encapsulation efficiency. 
In Figure 6.3-4, the effect of the inner salt concentration during production on the change in size 
during release is shown. The empty markers represent particles obtained with 13 g/1 of salt in 
the inner and outer water phase. The filled ones show when 40 g/1 are used in both water 
phases. In both case, there is no osmotic pressure during the production phase, a 40 !Jm 
membrane was used and 15% PLGA. The particles were then dissolved in the same release 
medium, without added salt, during the release period. The starting size is the same, as all the 
conditions influencing the size are equal. The size change pattern is similar and, surprisingly, a 
lower amount of salt in the inner water phase leads to a higher volume swelling. lt shows that 
the swelling is not only due to osmotic pressure due to the difference in salt concentration 
between the inner water phase and the PBS solution, but there must be other driving forces. 
Some papers report the intake of water due to osmotic pressure created by the degradation 
products (Fu et al. 2000). 
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60 
The remaining aspect to consider is the PLGA concentration, Figure 6.3-5. The diamonds 
represent particles obtained using 15% of PLGA while the triangles are used for 5% PLGA. 
Using the same pore diameter membrane, 40 !Jm, two sizes are obtained by creating an inward 
flux of water due to the osmotic pressure during the solidification. When using 5% PLGA, the 
initial particle size is slightly smaller, there is not any lag time before the size starts increasing, 
the swelling is lower and the size decrease once degradation starts is more gradual. A lower 
amount of polymer leaves a less dense texture and the particles are more porous. The particles 
become thoroughly hydrated and the swelling starts immediately, as would be expected for 
smaller particles. At the same time, a more porous structure allows the polymer degradation 
products to diffuse out more easily, lowering the acidic pH environment inside the particles and 
slowing down the degradation process (Berkland et al. 2002, Siepmann et al. 2004}. Hence, a 
slower decrease in size once the particles are degrading. More studies are needed to link 
different degradation behaviours with the drug cumulative release. 
6.3.1.2 Cumulative Drug Release 
Together with all the data presented for the change in size, data regarding the cumulative blue 
dextran release was collected. The data shown here gives useful information about the general 
behaviour, but lacks the fine precision of the particle size data. In Figure 6.3-6 the cumulative 
release from particles obtained with the three membrane sizes, 15% PLGA and no osmotic 
pressure are shown. The dotted lines help to visualize the trend. The drug release pattern 
follows the usual three phases: initial burst followed by a lag time and a following release up to 
completion. 
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The day at which degradation starts and the limit of the measurement 
reliability are highlighted 
Figure 6.3-7 considers only the particles obtained with a 20 IJm membrane showing the results 
of the repeated measurements. The filled marker and the data presented in Figure 6.3-6 are the 
average of the 5 measurements taken. The lag time seems to match the period of particle 
swelling, as highlighted in Figure 6.3-7. A release medium influx would act against the drug 
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outward flux. Five measurements were taken of the same sample and in the figure they are all 
reported together with the average. lt is possible to see how every now and then the variation is 
very wide. Together with this, measurements were taken of samples obtained without using the 
blue dextran as marker, referred to as blank: a double emulsion is produced and the inner water 
phase contains everything but the dye, see section 4.4.1 and appendix. Also lto et al. (2008) 
studied the release of blue dextran from PLGA particles by UV spectroscopy. In this case the 
amount of water was lower so the concentration of blue dextran was higher and the instrument 
possibly more reliable. They study the release during the firsl ten days of particles with a 
diameter of 11 IJm. They found as well an initial release of 40% of the total blue dextran 
encapsulated followed by a lag time. They conclude that only the blue dextran near the outer 
surface can be release before the polymer degradation occurs. Mao et al. (2007) studied the 
release of particles of around 30 j.lm in diameter, encapsulating a water soluble drug and 
produced with the same PLGA used here (Resomer RG 503H) over 80 days. Again, after a 
burst release of 20% of the drug, the lag time lasted until the 181h day. After that the release 
reached 80% over a total of 80 days. 
Because of the UV instrument properties and the results obtained from the study of the blank 
particles, measurements below 10 ppm are not reliable. This leads to the exclusion of the data 
at least below 30% of each cumulative release curve, which corresponds to the period of burst 
and lag time. Discussing only the results above the limit of 30%, it is evident that smaller 
particles reach total release more quickly than bigger particles. This is to be expected (Berkland 
et al. 2002, Berkland et al. 2003) but it has been questioned previously (Siepmann et al. 2004). 
The reported effects in the literature of particle size on the release are various and contrasting. 
Some say that the lower surface area-volume ratio (bigger particle diameter) leads to a build up 
of acidic products inside the particle hence a quicker degradation and release. At the same 
time, in the bigger particles the drug is distributed closer to the outer surface and the drug 
loading is higher, increasing the apparent drug diffusivity. On the other hand, if the release is 
diffusion controlled, higher particle diameter should result in slower release. 
6.3.1.3/mages 
For every sample, pictures with an optical microscope were taken to check and confirm the size 
measured by the Malvern and track any visible change. At day zero the particles look dark, 
spherical and monosized, Figure 6.3-8. 
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phase, just before starting release. The upper row is a 10x magnification, 
the bar indicates 100 J.Jm, while the lower row is a 20.25x magnification, 
the bar indicates 50 
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day32 day 31 day34 
Figure 6.3-10 Images of the releasing particles at day 32 for 7 J,lm, a), day 31 for 20, b), 
and day 34 for 40 J.lm membrane, c) 
The dark colour is not due to the blue dye encapsulated since also blank particles look the 
same, Figure 6.3-11. The dark colour is due to the inner porosity. The primary emulsification 
was obtained by a homogenizer, which generates very small droplets. As the release 
progresses, it is possible to see some changes, Figure 6.3-9 at day 13 and Figure 6.3-10 after 
30 days. 
At day 13 both the particles obtained with 7 and 20 IJm have already achieved their maximum 
swelling and degradation is starting. The particles obtained with a 40 IJm membrane are still 
growing in size. The latter are visibly darker, Figure 6.3-9c, signs of an inner bulk erosion are 
not as developed as for the smaller particles. The smaller particles, Figure 6.3-10a, have 
already achieved complete release after 30 days. They have become almost transparent, an 
internal boundary is visible. lt may be the front of the internal degradation (bulk erosion), 
thinning the particle wall. These particles are very weak and they did not stand the drying and 
coating conditions used to obtain images using the FEG-SEM technique, Figure 6.3-14d. lt is 
possible to see that the shape is not as perfectly spherical as it was at the beginning. Some 
particles have deformed, some have cracked, and some have coalesced. The pictures confirm 
the idea of some sort of surface erosion happening together with the bulk erosion in contrast 
with what usually reported (Eniola & Hammer 2005, Dai et al. 2005, Cleland 1998). 
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c 
P a7~m 
emulsion but without blue dye in the water phase {blank) and b) and d) by 
single emulsification to encapsulate a hydrophobic drug {simple) 
In bulk erosion, the expected size of the microsphere is almost constant, and the external fluid 
penetrates into the microsphere throughout and the erosion of the polymer takes place. In the 
surface erosion of a microsphere, the erosion of the polymer is largely confined to the external 
boundary which causes the size of the microsphere to decrease gradually. This different 
behaviour has been clearly summarized by Burkersoda et al. (2002) and it is shown in Figure 
6.3-12. 
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degradation 
Figure 6.3-12 Differences in morphology changes during release when the degradation 
follows a surface erosion pattern or a bulk-erosion as presented by 
Burkersoda et al. (2002) 
PLGA degradation is an autocatalytic hydrolysis reaction. The acidic environment created by its 
degradation products speeds up the reaction itself. The majority of studies consider oil-soluble 
or solid drugs and they perform a single emulsification. There is no water phase inside. Once in 
the release water medium, the porous particles take up water, the inner pH decreases and the 
degradation starts. Because of the polymer matrix the products cannot diffuse out easily and 
the bulk area becomes more and more acidic. The outer surface is kept neutral by the buffer 
resulting in mainly bulk erosion (Fu et al. 2000). When a double emulsification is performed, a 
water phase is present inside the particles. This water phase acts in two ways: to initiate the 
hydrolysis reaction but also to mildly buffer the acidity of the products generated. The bulk 
degradation is therefore slower and it is possible to notice an effect of the surface degradation 
too. The inner water buffer effect is shown by the fact that PLGA degradation starts slightly later 
than previously reported, day 11 to 20 instead of 10 (AI-Maaieh, Flanagan 2001). The images 
show the effects of surface degradation. In Dai, Wang & Zhao (2005) they saw PLA and PLGA 
surface erosion when the degradation was conducted in a basic environment. 
The dark colour of the particles is not caused by the blue dye but by the matrix encapsulation. 
The presence of very small cavities with the inner water phase affects the refractive index of the 
particles. In Figure 6.3-11 particles made by a double emulsification but without dye (referred as 
blank) and particles obtained by single emulsification (referred to as simple) are shown. Despite 
missing the blue dye, the blank particles are dark due to the inner structure obtained by the 
primary emulsification performed by a homogenizer, Figure 6.3-11a. At day 0, particles 
obtained by single emulsification look clear, Figure 6.3-11b. In Figure 6.3-11c and 6.3-11d 
images were taken with the FEG-SEM technique of the same particles to highlight the 
difference in morphology caused by the presence of the inner water phase .. 
Following the change in size of the simple particles, as shown in Figure 6.3-2, the inner 
morphology changes due to bulk erosion and it becomes progressively darker, see Figure 6.3-
13. The particles become very weak and they no longer maintain their spherical structure. A 
loss of spherical shape was noticed also in Mao et al. (2007). 
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a) day 19 b) day 31 
Figure 6.3-13 Change In morphology during release of particles obtained by single 
emulsification 
Figure 6.3-14 shows a comparison between images taken with the optical microscope and with 
the FEG-SEM, of the same samples and at the same magnification. In Figure 6.3-14a, the 
optical image shows round particles and also some smaller bits. The same can be found in the 
FEG-SEM particles. The porous outer layer further confirms the presence of a surface erosion 
process, while the breaking of particles can be due to contemporary bulk erosion. Figure 6.3-
14b shows the highly porous surface. The surface morphology becomes less porous (lower 
number of bigger pores) as the degradation continues, Figure 6.3-14c. Figure 6.3-14d shows 
that the weak particles cannot withstand the drying-coating conditions necessary for the FEG-
SEM while they preserve their shape on a microscope glass. The same kind of images was 
shown in Mao et al. (2007): they produced PLGA particle using the same polymer and 
encapsulating a water soluble drug. The particle size is around 30 ~m. 
optical microscope FEG-SEM 
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Comparison between 
those ones obtained by FEM 
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6.3.2 Copper Sulfate 
6.3.2.1 Particle Production 
Blue dextran is very convenient for modelling a water soluble drug since its presence can be 
easily tracked by UV spectrophotometry. lt has been successfully used to measure the initial 
encapsulation efficiency but, as it was shown, it is not ideal for studying the drug release. The 
PLGA degradation products interfere with it and when the concentrations are very low the 
instrument is not sensitive enough. 
In order to improve the quality of the data about the release another method was tried: the 
Atomic Absorbance Spectrometer. lt can detect very small concentrations and setting the right 
conditions can detect specifically only the component of interest. Blue dextran is not suitable 
anymore so, as a preliminary attempt, copper in the form of copper sulphate was used as 
model water soluble drug. The procedure developed and optimized for Blue Dextran was used 
for copper sulphate without any change and eventual flaws will be highlighted, see 4.4.2. This 
section is meant to represent a base for future works. 
The particles encapsulating CuS04 seem heavier than those encapsulating blue dextran and 
during the solidification stage, the droplets in the area below the overhead stirrer sank and 
coalesced. Although a good amount of particles were still present and in good spherical shape, 
this coalescence represents a huge loss in encapsulation efficiency. This problem was easily 
solved by increasing the agitation speed during solidification. Avoiding the sinking of the 
droplets during solidification led to an increase in encapsulation efficiency from 28% to 38%. 
lt is noticeable that the encapsulation efficiency obtained is lower than the one obtained with 
Blue Dextran. There are two possible explanations for this, which may be interesting to 
investigate in future works. Firstly, once dissolved in the inner water phase, CuS04 divides in 
ions which are very small molecules. Secondly, the osmotic pressure was balanced as usual, 
considering only the added salt NaCI. The presence of CuS04 may cause a further osmotic 
pressure which has been shown to affect the encapsulation efficiency. 
The particle size obtained is slightly bigger than the one obtained with Blue Dextran under the 
same conditions, see Table 6.3.2-1. The size distribution is generally worse and this can be 
caused by the chemical and physical differences between the two inner water phases but also 
by the solidification conditions. 
Table 6.3-2 Comparison between droplets and particles obtained with the same 
conditions encapsulating either Blue Dextran or copper sulphate 
Diameter, ~-tm 
Blue CuS04 
Droplets 75 79 
Particles 49 56 
CV% 
Blue 
27.4 
11.5 
38.7 
36.7 
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The initial droplet diameters do not differ much, while there is a difference in size distribution 
from the start. The particles encapsulating CuS04 shrink less so the final particle size results 
bigger. This could confirm the presence of an osmotic pressure caused by the different model 
drug used. The size distribution of the particles is the bigger difference. Clearly, both the initial 
emulsion distribution must be improved and a better agitation must be provided during 
solidification. To improve both encapsulation efficiency and the particle size, if the problem is 
coalescence, a quicker solidification can be the solution. Adding a high volume of continuous 
phase, previously referred to as method A, causes a quick transfer of solvent from the droplets 
to the water phase. A higher evaporation area allows a quicker transfer of solvent from the 
water to the air phase resulting in a solidification stage lasting, as low as, two hours. The 
problems illustrated above linked to the measurement of the encapsulation efficiency, section 
6.2.2, in this case do not exist since the Atomic Absorsbance method is very sensitive and can 
detect concentration as small as 0.3 ppm with a flame technique and ppb using a furnace. 
6.3.2.2 Change in Size and Cumulative Drug Release 
Once produced and characterized, the particles encapsulating copper underwent the same 
preparation for the release studies and they were analyzed at regular intervals in the same way, 
only this time using Atomic Absorbance rather than UV Spectrophotometer. The sizes were 
measured by Malvern Mastersizer and checked against the results obtained by analysing some 
microscope images with lmageJ software. The results obtained are shown in Figure 6.3-15. If 
compared with the results obtained under the exact same conditions but encapsulating Blue 
Dextran there are a few differences. The particle size seems to decrease without any initial 
swelling period. Due to a wider size distribution, fluctuations must be expected but the general 
trend is visible. The cumulative drug release data are more sensitive and reliable and the 
quality of the data is much higher for the copper encapsulating particles. There appears to be 
no lag time and the release is increasing following the droplets degradation. Considering the 
measurements of blank particles (see Appendix A.ll) the release below day 5 can be 
considered 0%. As it will be also shown later when comparing with the model, this release 
behaviour may indicate that the copper has moved from the water phase into the polymer 
phase and these measurements indicate the polymer degradation instead of the diffusion out of 
the water phase. This could be avoided by adding stabilizers into the inner water phase which 
will avoid the transition of the copper out of the water phase on to the organic phase. 
To try to explain the differences in size variations between particle encapsulating Blue Dextran 
and copper sulphate, the pH of the different phases involved was measured (pH Mettler Toledo 
320), Table 6.3-3. As expected, an increase in salt concentration lowers the pH, 6.3 for 13 g/1 
and 5.8 for 40 g/1; the presence of Blue Dextran does not affect the pH of the solution while the 
presence of copper does. Considering all the components of the phases, when copper sulphate 
is used, the inner water phase is more acidic than when blue dextran is encapsulated. As 
mentioned before, the PLGA degradation is quicker in acidic environment so the presence of 
CuS04 may cause the absence of the swelling period since the degradation starts earlier. 
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Table 6.3-3 pH measured for the different phases involved during release 
PBS 
40 g/1 NaCI in ROW 
Blue dextran, 40 g/1, ROW 
13 g/1 NaCI in ROW 
Cu504, 13 gl/1 NaCI in ROW 
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Figure 6.3-15 Comparison of the particle behaviour during release when copper or Blue 
Dextran is encapsulated 
6.3.3 Model Comparison 
Figure 6.3-16 shows the comparison between the data and the two models for release 
explained in 3.2. The data refers to particles obtained with a 20 (.Jm membrane, the diamonds 
are the experimental data, the continuous lines are the model based on diffusion during the 
initial swelling period for two different diffusion coefficients and the dotted line is the shrinking 
core model, see 3.2 for equations. The diffusion model can be used during swelling but once 
degradation starts there are many factors to be considered, see section 3.2. Two diffusion 
coefficients have been used, D = 1E-15 and 5E-15 cm2/s. The initial swelling phase includes 
what is usually described as initial burst followed by lag-time. The swelling of the particles leads 
to an increase in particle radius which slows down the diffusion, see 3.2 for calculations. lt has 
been shown in 3.2 how the situation during degradation makes the use of a simple diffusion 
based model difficult. Here, the data are compared with a prediction based on the shrinking 
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core model. The shrinking core model greatly underestimate the results and it cannot be used 
over periods of long release or low initial concentrations since the second part of Equation 3.2-
18 can become higher than the previous, leading to a negative square root. This is why the 
prediction when the diffusion coefficient is 1E-15 cm2/s stops early. Together with the decrease 
in size there is still diffusion out of the water phase and also the inner morphology is changing 
due to bulk degradation and all these parameters contribute towards an increase in release. 
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Figure 6.3-16 Comparison between data and model prediction for the release from 
particles obtained with a 20 1,1m membrane 
In the diffusion equation the particle radius was expressed as a function of time based on the 
data gathered and shown above. The particle radius in cm was plotted against the release time 
in seconds and the linear trendline was calculated by Excel, shown in Figure 6.3-17 the set of 
data corresponding to Figure 6.3-16. 
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Figure 6.3-18 Comparison between diffusion model, shrinking core and experimental 
data for particles encapsulating Cu504 
The lack of strongly reliable data about the release due to the instrument and method problems 
makes difficult a deep comparison between the model and the experimental data. For this 
reason the method was changed and the encapsulation of CuS04 was introduced. 
As it is possible to see from Figure 6.3-18 and as anticipated in section 6.3.2, the release of Cu 
seems to follow the shrinking core model rather than the diffusion one. This would suggest that 
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the Cu has moved from the water phase to the polymer phase and its release reliably follows 
the polymer degradation rather than the diffusion out of the water phase. 
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7 Conclusions and Future Works 
7.1 Droplet Formation 
Following the scheme of this work, the conclusions can be divided into three main groups: 
droplet generation, particle generation and release studies. 
Initially, the work done on the effects of the operating conditions on the droplet size and size 
distribution confirmed what was already found when using other emulsification devices. 
Additionally, the role of the pore distance has been stressed. An increase in shear and an 
increase in pore size, when constant shear is applied, led to an increase in droplet diameter. 
Because of the agitator used to generate the shear, the shear stress is not uniform across the 
membrane surface. This was believed to be an important factor to obtain uniform emulsions but 
it has been shown that it greatly depends on the system. 
Using the 200 IJm pore spaced membrane, the droplet size increased with the injection rate and 
decreased with the agitation speed (surface shear at the membrane). More narrow size 
distribution emulsions were obtained at lower flux. Using the 80 j.Jm pore spacing membrane the 
point at which the drop size distribution was at its narrowest, coefficient of variation of less than 
10%, was formed away from low injection flux rates. At low shear stress, it is noticed that an 
increase in discontinuous phase flux, gives rise to a decrease in the droplet size. This effect is 
dominant at the membrane surface at low shear stress, with a short distance between the 
membrane pores, and depends on the interaction of the drops when they are formed, provided 
there is an absence of droplet coalescence. lt has been named push-off effect. The membrane 
with a large distance between the pores, 200 j.Jm, showed little push off effect. At increasing 
injection rates the drop size increased, which is a consequence of a constant drop formation 
time; hence larger drops are formed at higher injection rates. 
Using a series of membranes with highly uniform pore spacing of 80 and 200 j.Jm, and uniform 
pore sizes between 7 and 60 j.Jm, under conditions of zero surface shear at the membrane, it 
has been shown that an additional force to the buoyancy and capillary forces exists in 
membrane emulsification. Modelling of the emulsification process using buoyancy as the sole 
force causing detachment from the membrane surface provides results considerably in error 
when compared to the experimental data. Adding a push-off force, derived by consideration of 
the geometry of the drops as they deform at the surface of the pores, provides good agreement 
between the model and data. The push-off force is the dominant detachment force in the force 
balance in the absence of shear. However, the push-off force only becomes significant at 
emulsification injection rates sufficient for an array of drops to appear at the membrane surface. 
The force depends upon adjacent drops at the pore openings interacting with each other, but 
not coalescing. Under these conditions, the drops will deform from their state of minimum 
energy, i.e. spherical shape, to that of ellipsoids and a consideration of this deformation gives 
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rise to the mathematical equation used to describe the push-off force at the membrane surface 
equation. 
This effect is due to the push-off force, which for the purpose of drop size modelling is added to 
the shear-drag and opposes the capillary force during the detachment phase, and it is an 
important effect in the force balance under these conditions. 
What was also found, is that these characteristics are not independent. If the injection rate is 
increased in the absence of shear, or at low shear, depending on the pore distance the droplet 
size might decrease. If the droplets are generated from pores close enough that they can touch, 
they deform without coalescing and they push themselves off the membrane. The resulting 
emulsion is made of smaller drops and generally more monosized because of the additional 
controlling factor. The membrane pore array used is very uniform so the droplets raising from 
neighbouring pores are at very well defined distances and geometry. 
A model has been proposed to predict droplet size, taking into consideration the system 
physical properties, shear, membrane characteristics and also the pore distance expressed as 
the push-off force. lt is a force balance between the capillary force, expressed in order to 
consider the neck formed at the pore tip, the drag force with the velocity expressed so as to 
include the boundary layer and, when applicable the push off force was defined and included in 
the force balance. The comparisons between the experimental results and the model show a 
good prediction at high shear rate and low injection. In the absence of shear, or low shear, and 
relatively low pore distance, the proposed expression for the push off force shown to be an 
improvement over the alternative approaches. Thus, the capillary-shear model may be 
regarded as predicting the lower limit for drop size under these conditions and measured drop 
size may be greater. For the membrane with a shorter distance between the pores, 80 IJm, the 
capillary-shear-push-off force model appeared to predict the drop size, or at least the measured 
drop sizes were tending towards the predicted values at very high injection rates. 
lt is possible that the push-off force has not received much attention before as the phenomena 
is more prevalent on regular pore spaced membranes, which have only recently become 
available, than when using the matrix type of membrane, such as ceramic and SPG types. 
7.2 Particle Production 
Once the system was well defined, the second part of this work considers an application by 
producing particles of biodegradable polymer for controlled drug release encapsulation. 
For subcutaneous drug delivery biocompatible particles with diameters in a size range between 
20 to 100 microns are required. These are of sufficient size to contain a reasonable amount of 
active ingredient, but not too big as to cause discomfort in administration and use. The 
production of particles in this size, and without the existence of material much smaller and 
bigger than these sizes, is challenging and often classification of the produced material is 
required to remove the under- and over-sized material. A more effective method would be to 
generate the required size, with minimal off-size material. Furthermore, encapsulation 
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efficiencies should be as high as possible, so that the active ingredient is going to the product 
rather than to waste from the process. Membrane emulsification is an effective method for 
producing drop sizes, and hence particle sizes after solidification, in a controlled way. 
Initially a liquid emulsion is produced with the polymer dissolved by a solvent as oil phase. lt 
has been shown that it is possible to produce PLGA particles starting from an emulsion 
obtained by membrane emulsification, using a Micropore Technologies Ltd. dispersion cell in 
particular. The viscosity is one of the key issues together with a precise shear value to induce 
the drops to detach. The injection rate, agitation speed, pore size, membrane coating and 
temperature of emulsification are important. 
Once the liquid droplets are obtained, the solvent is removed in a controlled manner to give the 
solid particles. This system allows us to produce particles encapsulating both oil soluble drugs 
and water soluble drugs by performing simple, or double, emulsions respectively. A range of 
experiments was performed in order to optimize the size and size distribution with this different 
system. An issue when solidifying the liquid droplets is to avoid coalescence or breaking in 
order to maintain the size and size distribution and a high encapsulation efficiency too. lt was 
shown how it is possible to act on the system conditions in order to achieve high encapsulation 
efficiency, and a narrow size distribution, for particles of the wanted size when encapsulating a 
water soluble drug. 
Of the many factors affecting these aspects, polymer concentration, droplet size and osmotic 
pressure between the inner and outer water phase were studied. The main role was played by 
the osmotic pressure, finding that it is important to balance this in order to achieve a high 
encapsulation efficiency. The polymer concentration acts on the oil phase viscosity while both 
the polymer concentration and the droplet size influence the rate of solidification. Absence of 
osmotic pressure, a viscous oil phase and a quick solidification contribute towards an 
encapsulation efficiency as high as 100%. The regular array of pores in the membranes studied 
had pore diameters of 20 and 40 ~m. producing a range of encapsulated particles with median 
diameters between 60 and 140 ~m and the resulting particle diameter is a significant function of 
pore diameter. In this study, and for the production of encapsulated PLGA particles, it was 
shown that for a salt ratio inner:outer water phases of 1:1 the 40 ~m pore size gave a median 
diameter of 100 ~m and under the same operating conditions the 20 ~m membrane gave a size 
of 60 ~m. The uniformity of these particles was very good, with calculated span values of 0.30, 
under conditions of 15% PLGA and a salt ratio of 1:1. The same operating conditions gave 
encapsulation efficiencies close to 100%. During the solidification process the organic solvent 
transfers from the drops formed by the emulsification process to the external water phase and 
then to the water-air interface, where it then transfers to the air. As the organic solvent 
constitutes such a large amount of the organic phase, up to 95% by volume, the shrinkage of 
the drops as they solidify is substantial. Volume reductions of up to 75% are shown to be 
possible, for the particles using a 1:1 salt ratio between the inner and outer aqueous phases. As 
the shrinkage is less than the content of organic solvent it may be concluded that the PLGA 
encapsulated particles may have a structure swollen by water imbibition from the external 
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phase. The minimum shrinkage between the drops formed and the solidified particles was 8% 
(volume reduction), despite the presence of 85% solvent which is removed during solidification. 
Hence the water imbibition would appear to be very significant with these particles. 
7.3 Drug Release 
Due to the large amount of particles produced it was possible to study the change in size, 
surface morphology and drug cumulative release of the particles over a prolonged period of 
time. The particles go through a period of swelling and water intake, corresponding to the initial 
burst and Jag time of the drug release. Then degradation prevails and the size gradually 
decreases, liberating more encapsulated drug until completion. The data about the release 
were not as reliable as the data about the size change due to the instrument limitations and 
possible interferences. The images and the size change data suggests that together with bulk 
erosion, when an external water phase is present, surface erosion contributes significantly to 
the PLGA degradation. In this study, bulk degradation may well have been suppressed by the 
buffering influence of the internal water phase, reducing the acid concentration of the PLGA 
degradation products. A model predicting the release was suggested based on diffusion for the 
initial phase followed by a shrinking core model to take into account the variation of size. 
7.4 Suggestions for Future Work 
There are a number of opportunities for further work building on what has been presented here: 
1) More studies on PLGA droplet formation: 
A number of parameters have not been considered here both for single emulsion 
production and double emulsion. Concerning the single emulsification process using 
PLGA and DCM, it would be interesting to apply a full range of shear and measure the 
resulting drop sizes. These results could be compared with the model prediction to find 
an experimental fitting value for the interfacial tension which is complicated to measure. 
For the double emulsion generation, more investigation on the effects of amount of 
inner water phase or degree of dispersion could be performed. 
2) More studies on measurements of PLGA-DCM properties: 
Instead of experimentally determining the interfacial tension between the phases made 
of PLGA and DCM and water with PVA and salt, alternative techniques, such as the 
pendant drop technique, could be attempted to obtain a reliable set of physical and 
chemical data. 
3) Improvement in the release data: 
The atomic absorbance method proved to be very reliable and precise, down to very 
small concentrations of copper. I suggest that this method be kept, and Cu be 
encapsulated having taken some precautions in order to avoid the Cu leaving the water 
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phase and bond with the polymer, as it appeared to have happened in the results 
shown- complexing agents in the water phase could be used. 
4} The encapsulation of Cu could open an option in visualizing where the drug is inside 
the particles. Using the FEG-SEM imaging technique and without coating the particles 
with gold, it might be possible to see whether any Cu is present on the particle surface 
or by cutting cross sections of the particles it might be possible to see the drug 
distribution inside. 
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A.l Motor and Pump Calibrations 
As shown in the experimental section, 4.1, the stirrer is governed by a DC motor and the 
discontinuous phase is injected by a pump, syringe or peristaltic. 
lt is possible to change the stirrer rotation velocity by varying the voltage of the motor, so a 
calibration is required to link voltage to rpm. This is typical of each specific motor and for the 
experiments here presented, four different motors have been used over different periods. To 
calibrate the motor, the velocity was set to at least three different voltages and the revolutions 
per minutes were measured by a tachometer. The measurements were repeated three times 
and the average considered. To obtain the rpm for all the voltages, the trendline was 
considered. From the rpm, it is possible to calculate the rad/s which is used to calculate the 
shear, see section 3.1 for calculations. 
In Figure A.l-1 is an example of a calibration for the motor used for the experiments presented 
in section 5.2, 6.2.1 and 6.3.2. 
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Figure A.l-1 Motor calibration for sunflower oil in water, 5.1.2, and PLGA and DCM in 
water production, 5.2, 6.2.1, and 6.3.2 
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Figure A.l-2 Calibration for peristaltic pump 
Four different pumps have been used in this research, two syringe pumps and two peristaltic 
pumps. The calibration of a syringe pump is straight forward and depends on the diameter of 
the syringe used. Once that is set, it is possible to set the pump for the injection rate wanted, in 
ml/min. lt is possible to calculate the flux, expressed in I m·2 h-1, from the conversions and 
dividing by the area of the membrane. When using a peristaltic pump, the link between pump 
settings and flux output depends on the specific pump, on the liquid to be pumped and on the 
tubing used. The calibration was performed by measuring the amount of water pumped through 
for a fixed period of time at different settings, Figure A.l-2. Although the pumps mainly injected 
the discontinuous phase, the calibration was conducted using reverse osmosis water. Despite 
the difference in density, it is believed that the error was small. 
A.ll UV Spectrophotometer 
The UV Spectrophotometer was used to detect any presence of blue dextran in the outer phase 
at the end of the solidification phase, to measure encapsulation efficiency, and in the release 
water medium, to track the release of the dye out of the particles. The measurements of the 
encapsulation efficiency were initially taken by the UV-1201, Shimadzu, which was then 
replaced with UVNIS Lambda 12, Perkin Elmer, to improve the accuracy. When measuring the 
concentration of a component in a solution by UV spectrophotometry, it is necessary to set the 
zero by calibrating with a blank. The Blank sample must include all the components of the 
solution but the one of interest. The instrument gives a reading in term of absorbance, so 
initially it is necessary to link a set of known concentrations to the absorbance measured. 
When measuring the encapsulation efficiency, section 6.2, a sample is taken from the 
continuous phase at the end of the solidification stage. lt therefore contains 1% PVA and salt 
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too. The DCM should completely evaporate and the salt concentration may vary depending on 
the experiments. 
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Figure A.ll-1 Calibration for UV-1201, for measurements of encapsulation efficiency 
Despite having set as zero the absorbance of a solution having all the components but the blue 
dextran, the readings for concentration of 1, 2 and 5 ppm are negative. This can be due to the 
error of the machine or some interference of the solution components. For each concentration 
the measurements were taken three times, the filled marker is the average and the empty 
triangles are the three data. The dilutions were made starting from the same stock solution of 
1000 ppm. For the calculations, the trendline was forced to pass through the origin not to have 
negative concentrations as experimental results. Because most of the measurements for the 
encapsulation efficiency will not exceed 30 ppm, in Figure A.ll-2 the calibration curve up to 20 
ppm is shown. 
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Figure A.ll-2 Calibration curve for UV-1201, for measurements of encapsulation 
efficiency, values up to 20 ppm 
Figure A.ll-2 shows how the points are more scattered when working in the lower end of the 
scale. 
When measuring the blue dextran during the release, the concentrations were lower and the 
UV-1201 was not accurate enough. The measurements were then taken with the UVNIS 
Lambda 12. lt was used both for encapsulation efficiency measurements and release 
measurements so both calibrations were necessary. 
For the encapsulation efficiency measurements, different dilutions were prepared starting from 
a stock of 3000 ppm and they all contained 1% PVA as the blank did too. Five measurements 
were taken for each point and in the following figures the filled marker is the average while the 
empty markers are the measurements taken. In Figure A.ll-3 the results for dilutions up to 3000 
ppm are shown to prove linearity, in Figure A.ll-4 the upper limit is 10 ppm since most of the 
measurements lie between 0 and 15 ppm when calculating the encapsulation efficiency. 
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3500 
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lt is possible to see that, again, at low concentrations the measurements are more scattered 
and less linear. However, better linearity throught the origin is apparent. 
As discussed in section 6.2.2, when using a quick solidification method, the amount of 
continuous phase added is so high that it dilutes the eventual blue dextran escaped during 
solidification to a very low concentration. As shown in Figure A.ll-4, for concentrations lower 
than 1 ppm the measurement is not accurate. lt was then tried to break the particles and 
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measure the amount of blue inside the particles. To completely break the particles, NaOH was 
used. For these measurements, the UVNIS Lambda12 was used and now the blank solution 
must contain NaOH and PBS (the particles were filtered and suspended in the same amount of 
PBS and NaOH solution). 
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Figure A.ll-5 Calibration for UVNIS Lambda 12, for encapsulation efficiency 
measurements when NaOH and PBS are in the water phase 
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The solution is clear enough to be used and the blank contains the degraded polymer too. This 
time the amount of polymer degradation products is very high so it is important to include it in 
the blank and it is easier to predict since all the particles are totally broken. This time the 
expected measurements is quite high since it is measuring the full amount of blue dextran 
encapsulated, rather than only what was able to leave the particles. In Figure A.ll-5 is the 
calibration curve up to 1000 ppm to verify linearity while in Figure A.ll-6 is the calibration curve 
for the area of interest. 
When measuring the blue dextran released, the blank solution is made of reverse osmosis 
water, phosphate buffer solution and, as degradation proceeds, lactic and glycolic acids. When 
calibrating the instrument, PBS was added, while it was not possible to add the right amount of 
polymer degradation products. lt will be shown by measuring particles that were prepared 
without blue dextran, the effect of the degradation products. Figure A.ll-7 and A.ll-8 show the 
calibration curve for measurements of the drug release, again over a wide range of 
concentration to check the linearity and then over the lower scale of concentrations, which is 
where, above all in the first two weeks, the measurements will take place. In this case, six 
measurements were taken and the dilutions were made starting from a 1000 ppm stock 
solution. 
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Figure A.ll-7 Calibration for UVNIS Lambda 12, for drug release measurements 
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Figure A.ll-9 Comparison between UVNIS Lambda 12 measurements of a blank 
sample, white marker, and a sample encapsulating blue dextran, grey 
marker 
To measure the effect of the polymer degradation products on the UV measurements, a blank 
sample was prepared. As described in section 4.4, the blank sample is still a double emulsion 
but there is no blue dextran encapsulated, only water and salt. The particles are produced, 
collected and analyzed in the same way as the particles carrying the blue dextran. In theory the 
UV measurements, sets at the optimum wavelength to detect blue, should not measure 
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anything. Because of the complexity of the solution and the instrument limitations there are a 
few readings. If it was only due to the presence of polymer degradation products interfering with 
the blue detection, there should not be any reading in the first 15 days, since before that time 
the PLGA is not degrading. Then the concentration should increase as the polymer degrades. If 
that was the case, it would have been acceptable to subtract the readings of the blank from the 
ones of the sample to obtain the amount specifically due to the presence of blue dye. lt is 
possible to see in Figure A.ll-9 that there are measurements before the degradation starts and 
that they do not follow a particular pattern. This leads to the loss of reliable data in the initial 
phase, apparently corresponding to the period of burst and lag time, see section 6.3.1. 
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Figure A.lll-1 Calibration for SpectrAA, for encapsulation efficiency measurements 
for concentration between 10 and 2000 pp m 
To try to overcome the problems shown so far regarding the measurements of the amount 
released, the instrument was changed to an Atomic Absorbance Spectrophotometer: SectrAA 
2000, Varian. This required a change in the encapsulated material. Cu was chosen in the form 
of CuS04 since it is easily soluble in water and the measurements can be very precise. The 
flame was an acetylene flame and the lamp was specific for Cu. Two different settings were 
used for measuring the encapsulation efficiency and the release. When the expected 
concentration was around 30, i.e. encapsulation efficiency measurements, the wavelength was 
244.2 nm and the slit width was set as 1 nm, set A. This has an optimum working regime 
between 10 and 2000 ppm. When measuring the release, the concentrations were lower, the 
wavelength was set as 324.7 nm and the slit width was 0.5 nm, set B. The optimum working 
regime for this setting is between 0.03 and 10 ppm. 
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Figure A.lll-2 Calibration for SpectrAA, for encapsulation efficiency measurements 
for concentration between 0.03 and 10 ppm 
Also in this case a calibration is required. In this case the zero was set using pure water and the 
calibration was made by the instrument, by diluting a standard stock with pure water. 
Measurements of a blank sample (water containing PBS buffer and degradation products but 
not Cu) will be taken to take into account any eventual interference. 
In Figure A.lll-1 is the calibration at high concentrations, using set A conditions, while in Figure 
A.lll-2 is the calibration at low concentrations, using set B conditions. 
When measuring the samples, two different water bases were present: 1% PVA and salt when 
measuring the encapsulation efficiency and PBS and polymer degradation products when 
measuring the release. A blank sample was prepared by performing the emulsification and 
solidification as usual, but without adding any Cu. This sample was analyzed to see the effects 
of the water solution and of the eventual polymer degradation. For the results shown in section 
6.3.2, the encapsulation efficiency resulted being between 28 and 38% and this corresponds to 
measurements in the region of 30 to 40 ppm of Cu in PVA and salt solution. The three 
measurements taken of the blank sample gave an average of 0.3 ppm. Being the zero set with 
pure water, a low reading can be due to the other components present in the solution, so to 
determine a reading of the Cu concentration it is enough to subtract the blank reading from the 
measurement. The blank sample underwent the release tests and Figure 9.3-3 shows the 
amount detected by the instrument with respect to time. 
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Figure A.lll-3 Comparison between SpectrAA measurements of a blank sample, white 
markers, and sample encapsulating Cu, grey markers 
In this case, the concentrations detected for the blank sample are always lower than the ones 
for the particles carrying Cu and they increase with time accordingly to the progression of 
particle degradation. Although the SpectrAA instrument can be set to detect very specifically 
only Cu, there appears to be some interference due to the polymer degradation. In this case 
this can be easily taken into account by subtracting these values from the one for the sample 
encapsulating the Cu. 
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B.l Image J 
Newly fanned PLGA and DCM droplets are very unstable. DCM tends to evaporate very quickly 
so the droplets shrink and solidify. lt is not possible to measure the size and size distribution of 
the liquid droplets by a laser diffraction system. The measuring procedure is relatively slow, the 
temperature is quite high and the amount of water present would lead to very quick solvent 
loss. The measurement would be either of solid particles, solidified in a non-controlled way, or 
of blocks of droplets/particles which have solidified together in the sampling unit. To avoid this, 
a method based on images taken with an optical microscope and analyzed by lmageJ software 
was used. The higher the number of considered droplets, the more accurate is the size 
analysis. Many other published papers have used this method when more sophisticated were 
not viable for various reasons. The number of particles to count is regulated by the British 
standard (BS 3406-4: 1993) but it changes considerably from publication to publication. lt is 
possible to find published papers which measured the diameter of 50 particles, (Wang et al. 
2007), other stopped at 100 (Crotts & Park 1995, Kang & Singh 2001, Ruan & Feng 2003). lt 
greatly depends on the size of the droplets and on the technique used to gather the images. 
The way the pictures are taken is important. Some researchers use software linked to the 
microscope in order to take pictures at random. In this work it is important that the images are 
taken as soon as possible. The heat from the lamp underneath the microscope slide causes the 
solvent to evaporate, so only at the beginning the droplets are truthful to their initial size. At 
least three pictures were taken at random and the number of droplets in each depends on the 
size of the drops themselves. 
a b 
Figure 8.1-1 Example of a microscope picture of an emulsion and the converted binary 
image 
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Once the picture is taken, it must be translated into a binary form image for the software to 
analyze it. Figure B.l-1a is an example of an image of a PLGNDCM-in-water emulsion taken 
with the microscope and Figure B.l-1b is the same converted into black and white. 
The scale must be previously set based on the picture of a graticule with the same 
magnification. The software considers the black area as droplets and it is necessary to divide 
them by a white line for it to consider a droplet separately to the adjacent one. Figure B.l-2a 
shows the same image ready to be analyzed. Figure B.l-2b is the outline of the drops actually 
considered by lmageJ. Usually, the droplets touching the edges are left out of the calculations. 
Each droplet is numbered to be able to link it with the calculated size in the calculation 
worksheet. 
a b 
Figure B.l-2 Image in a binary format and with the drop outlined ready to be analyzed 
by lmageJ and summary of the drops calculated by the software 
The diameter is calculated as Feret's Diameter, which as the drops are spherical is indeed the 
drop diameter. The conversion into binary image and the separation into drops are usually 
performed automatically by the software but it is possible to manually adjust it in case of 
mistakes. The results can be exported to an Excel worksheet where all the results referring to 
the same emulsion can be put together and they can be used to calculate averages and their 
coefficient of variation. 
8.11 Comparison between Malvern Mastersizer and lmageJ 
To obtain the size and size distribution of the PLGA droplets (both from single emulsion, section 
5.2, and double emulsion, 6.2.1) lmageJ was always used for the reasons mentioned above. 
For the solid particle size, Malvern Mastersizer, a laser diffraction based method was preferred. 
An important characteristic is the volume shrinkage during solidification, and this requires the 
comparison of the droplet size and particle size. To be able to do this, it is first required to check 
that the two measuring methods are comparable. A few microscope images were taken of a 
sample of solid particles and they were analyzed with lmageJ while the same particles were 
analyzed by the Malvern. 
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the results given from Malvern Mastersizer and 
le of solid particles 
Median size, urn 
CV,% 
# particles (Image J) 
Malvern Image J 
so 
12.9 
56 
13.8 
720 
Figure B.ll-1 Microscope image of the particles measured both by laser diffraction, 
Malvern Mastersizer, and lmageJ 
90 ' 
Cl 
80 D lmageJ 
0 
D 
70 ' El 0 
E Cl 0 D Malvern Mastersizer ::1. CJ Cl 
- 60 Q.l 0 0 N ;;; 0 Q.l 50 
u 
"f I! IQ 40 ' a. 0 c 
IQ 
:g 30 . 
Q.l 0 !i!l ~ 
20 . D 
D 
10 
0 
0 5 10 15 20 25 30 35 40 45 so 
Days 
Figure B.ll-2 Comparison between the particle size change during release when 
measuring with the Malvern Mastersizer or microscope images and 
lmageJ 
Figure B.ll-1 shows the particles considered and Table B.ll-1 shows the two different results. 
The two methods agreed on the coefficient of variation, while lmageJ gives a slightly bigger 
particle size. lt could be due to the lower amount of particles considered or maybe the size is 
increased by the shadow effect. On the other end, the laser diffraction system relies on the 
refractivity index, which as it will be shown next, can represent a problem. Altogether the 
difference is small and the two methods were considered comparable. 
As the release proceeds, it has been shown in section 6.3.1 that the particles firstly swell and 
then gradually degrade. This behaviour was obtained by both laser diffraction analysis and 
159 
B - Appendix 2 
microscope images. As the figures show the particles not only change in size but also in inner 
morphology, above all when bulk degradation takes place. This factor affects the refractivity 
index. When the particles are at an advanced degradation stage, the Malvern measurement 
gives a diameter of 8 !Jm, see Figure 6.3-1. Traditionally, the Malvern Mastersizer is not 
considered accurate when measuring particle below 20 !Jm when not using the full Mie light 
scattering theory. Together with this, the images showed small particles, but not as small as 8 
!Jm. All the images taken during the release were then analyzed by lmageJ and compared with 
the results obtained by the Malvern, Figure 8.11-2. As also seen in Table 8.11-1, lmageJ tends to 
calculate a bigger size but the change in size behaviour is the same. 
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C Appendix 3 -Viscosity Measurements 
As discussed in section 5.2, the viscosity of the discontinuous phase has an effect on the 
produced emulsion in terms of monodispersity. In the experiments shown, the discontinuous 
phase was made of PLGA and DCM and the emulsification was performed in a refrigerated 
bath at 4•c. Pure DCM viscosity is below the water one, 0.423 cP. As the PLGA concentration 
increases, the viscosity of the solution increases too, and as the temperature decreases, the 
viscosity increases. 
A first attempt to measure the viscosity of different solutions was made by using a rotor stator 
cup, VT550, cup NV. The cup is surrounded by a jacket to control the temperature but the 
lowest reachable temperature was 1o•c. There is a lower limit also on the viscosity that it is 
able to measure, it must be well above the viscosity of water. Finally, it is important that there is 
no polymer solidification between the cups during the measurement. In the experiments, five 
different polymer concentrations were tested, 5, 10, 15, 20 and 30% w/v but the first two 
concentrations did not increase the viscosity enough to be measured. The measurements were 
conducted at 1 o•c and Figure C-1 shows the result for the concentration equal to 20%. 
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Viscosity measures from four repetitions of a 20% PLGA in DCM at 1o•c 
As it is possible to see, there is a large amount of scattering, the viscosity reading would be the 
gradient of the trendline, so a viscosity of 0.014 Pa*s, or 14 cP. Also, when measuring 30% of 
PLGA in DCM, the solution solidified during the measurement. 
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Because of the limitations in temperature and the quality of the data, another method was used, 
an Ostwald viscometer. lt works based on Equation C-1: 
Eq. C-1 
where '12 is the viscosity of the solution of interest, '11 is the viscosity of pure water, p1 is the 
density of pure water, P2 is the density of the solution of interest, t1 is the time that it takes for 
water to flow through the capillary of the Ostwald viscometer and t2 is the time that it takes for 
the solution of interest to flow between the same piece of capillary. The viscometer can be 
immersed in the same refrigerated bath so that the viscosity is measured at the working 
temperature. lt is important to know the densities, and while it is readily available for water, it 
must be experimentally measured for the different PLGA and DCM solutions. The results 
obtained with this method were very high and there was no difference between what obtained 
at 4°C and room temperature. The measurement of the densities and of the time and the 
possibility of blockage of the capillary tip by the polymer, opens room for experimental error so 
these results were not considered reliable. 
The last method to be attempted was a cone and plate viscometer. The measurements can 
only be conducted at room temperature and only for polymer concentration above 15% for the 
same limitations that the rotor-stator cup has. There is less risk of blocking the rotor part due to 
solidification and the results showed to be more accurate. Figure C-2 shows the relation 
between the shear rate and the shear stress for the three highest concentrations. Assuming 
them to be linear, the figure shows also the gradient, which represents the viscosity for each 
concentration. Being a polymer, the assumption of Newtonian fluid could be too restrictive. To 
check this, the viscosities, as measured by the cone and plate at each shear rate step, can be 
plotted against the shear rate itself, Figure C-3. For 15 and 20% PLGA concentration, after an 
initial small variation, the viscosity is constant with the shear. For 30% the transition period last 
longer, up to higher shears. During the emulsification process, the discontinuous phase is 
subjected to shear depending on the continuous phase agitation, and, for example, the peak 
shear stress at a stirrer rotation velocity of 610 rpm is 3.4 Pa. Dividing by the continuous phase 
viscosity (approximated to pure water), the shear rate obtained is 3400 1/s. Hence, it is possible 
to consider the viscosity of the polymer solution constant also at high polymer concentrations. 
By plotting the viscosity of pure DCM (as reported on the bottle from the manufacturer equal to 
0.000423 Pa*s) and the viscosities measured for different concentrations, it is possible to 
extrapolate the viscosity for lower PLGA concentrations, Figure C-4. All these viscosities refer 
to room temperature, so during the emulsification in the refrigerated bath they might be 
different. For the purposes of the discussion in section 5.2.5, it was important to show that an 
increase in polymer concentration affects the phase viscosity. The results of viscosity obtained 
are shown in Figure 5.2.5-1. 
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Abstract 
Uniformly sized microparticles of poly(D,L-lactic-co-glycolic) (PLGA) acid, with controllable median diameters within the size range 40-140 J.Lm, 
were successfully prepared by membrane emulsification of an oil phase injected into an aqueous phase, followed by solvent removal. Initially, 
simple particles were produced as an oil in water emulsion, where dichloromethane (DCM) and PLGA were the oil phase and water with stabiliser 
was the continuous phase. The oil was injected into the aqueous phase through an array type microporous membrane, which has very regular pores 
equally spaced apart, and two different pore sizes were used: 20 and 40 11m in diameter. Shear was provided at the membrane surface, causing the 
drops to detach, by a simple paddle stirrer rotating above the membrane. Further tests involved the production of a primary water in oil emulsion, 
using a mechanical homogeniser, which was then subsequently injected into a water phase through the microporous membrane to form a water in 
oil in water emulsion. These tests used a water-soluble model drug (blue dextran) and encapsulation efficiencies of up to 100% were obtained for 
concentrations of 15% PLGA dissolved in the DCM and injected through a 40 11m membrane. 
Solidification of the PLGA particles was followed by removal of the DCM through the surrounding aqueous continuous phase. Different PLGA 
concentrations, particle size and osmotic pressures were considered in order to find their effect on encapsulation efficiency. Osmotic pressure was 
varied by changing the salt concentration in the external aqueous phase whilst maintaining a constant internal aqueous phase salt concentration. 
Osmotic pressure was found to be a significant factor on the resulting particle structure, for the tests conducted at lower PLGA concentrations 
(10% and 5% PLGA). The PLGA concentration and particle size distribution influence the time to complete the solidification stage and a slow 
solidification, formed by stirring gently overnight, provided the most monosized particles and highest encapsulation efficiency. 
© 2007 Elsevier B.V. All rights reserved. 
Keywords: PLGA; Membrane emulsification; Microparticle; Osmotic pressure; Encapsulation efficiency 
1. Introduction 
Controlled release drug encapsulation is one of the leading 
research fields in the pharmaceutical industry [ 1]. For treatments 
that require repeated administration, via ingestion or injection, 
and for compounds such as proteins with very short half life, 
the possibility of a single administration followed by a slow and 
controllable release is an improvement on the usual forms of drug 
delivery. A vast range of biopolymers and the use of different 
biopolymer combinations has been considered [2-12]. Once the 
biopolymer enters the body, the environmental conditions cause 
• Corresponding author. Tel.: +44 1509 222519; fax: +44 1509 223923. 
E-mail address: R.G.Holdich@Lboro.ac.uk (R.G. Holdich). 
0927-7765/$- see front matter© 2007 Elsevier B. V. All rights reserved. 
doi:10.1016/j.colsurfb.2007.08.011 
it to degrade in a predictable manner into monomers that are 
already present in the body, hence the biocompatibility. This 
degradation can be controlled through the polymer composition 
and the characteristics of the administration, to gradually release 
the encapsulated drugs. 
This study considers poly(o,L-lactic-co-glycolic) acid 
(PLGA), a biopolymer approved by the Food and Drug Admin-
istration for human use [ 13]. By changing the lactic/glycolic acid 
ratio of the PLGA molecules it is possible to control the degrada-
tion rate. PLGA has been used to prepare tablets to be ingested, 
scaffolds, nanoparticles for inhalers or intravenous injections 
and microparticles for subcutaneous depot [4-7,9,12,14-17]. 
The work reported here produced particles in the range of 
40-140 J-l.m via membrane emulsification followed by the sol-
vent removal method to produce the PLGA microspheres. 
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The first step is to produce an emulsion where PLGA is 
dissolved in an organic solvent and dispersed as droplets in 
an aqueous continuous phase. Then the organic solvent is 
removed by evaporation and the PLGA solidifies to form parti-
cles containing the drug in its matrix. Hydrophobic drugs are 
easily dissolved together with the PLGA in the organic sol-
vent, while hydrophilic drugs would be poorly encapsulated 
with this method. For hydrophilic drugs a double emulsion is 
required: first the drug is dissolved in an aqueous phase and dis-
persed in PLGA and organic solvent. Subsequently, the organic 
phase is dispersed again into a second water phase giving a 
water-oil-water (y//0/W) dispersion. With this method both 
hydrophobic and hydrophilic drugs can be successfully encap-
sulated [4,5,9,18,19]. 
There are many membrane emulsification techniques avail-
able, but most are appropriate for the production of fine drops, 
less than 20 ~J.m, and the intention of the project was to produce 
particles significantly bigger than this. Recently, a membrane 
technique operating in the required size range has been detailed 
in [20,21]. The Micropore Technologies Ltd., Dispersion Cell 
provides the ability to tailor the droplet size and size distribution, 
by changing operating conditions and the chemical properties of 
the phases. The ability to make dispersions of a known, and con-
trolled, size distribution is important for controlled release drug 
encapsulated particles as knowing the exact size of the parti-
cles facilitates modelling the drug release and controls aspects 
such as the initial burst. The latter effect could lead to prob-
lematic side effects. The dispersion cell technique minimises 
the shear, and other operating conditions, experienced by the 
drugs, which may be perishable. This reduces losses in encap-
sulation efficiency that may occur when not operating under such 
mild operating conditions. This work presents operating param-
eters involved in the stages of emulsion production and particle 
solidification. Droplet and particle size, size distributions and 
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the encapsulation efficiency of a water-soluble model drug are 
reported. 
2. Materials and methods 
The method selected to produce the PLGA particles is mem-
brane emulsification followed by solvent evaporation. Both 
simple PLGA particles and an encapsulated water-soluble model 
drug were investigated. Initially, the simple particles were cre-
ated to test the conditions needed to produce particles in the 
desired size range. It is unlikely that these conditions would 
change significantly in the case of dissolving a hydrophobic drug 
in the PLGA oil phase. For a hydrophilic drug encapsulation is 
required, in which the water-soluble drug is encapsulated by the 
oil phase, which is then dispersed in to water to form a W/0/W 
emulsion. The latter process is significantly more technically 
demanding than forming a 0/W emulsion, as it is important 
that the primary emulsion does not break during the process of 
secondary emulsion formation. In both sets of tests the chem-
icals used were Resomer RG 503H (D,L-lactide glicolide ratio 
50/50) obtained from Boehringer Ingelheim, Poly Vinyl Alcohol 
(PVA MW 25000, 88% degree of hydrolysis) and sodium chlo-
ride came from Fisher Scientific, dichloromethane (DCM) from 
Acros and blue dextran 2000 from Pharmacia Fine Chemicals. 
Reverse osmosis water was obtained from a Millipore RO unit. 
The membrane emulsification apparatus, a stirred Dispersion 
Cell, was provided by Micropore Technologies Ltd., Leicester-
shire, UK. In the. Dispersion Cell the discontinuous phase is 
injected at the base of the cell, where it passes through the mem-
brane, and the droplets emerge into the continuous phase. The 
continuous phase is agitated by a simple two-bladed paddle con-
trolled by a DC motor. The membrane is a thin flat metal disc with 
monosized circular pores distributed in a highly regular array and 
is chemically treated in order to make the surface hydrophilic, 
Fig. I. Micropore Technologies Ltd., Dispersion Cell and pore array membrane. 
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Table 1 
Overview of emulsion compositions 
(1) PLGA particle production 
Emulsion type 
Discontinuous phase 
Continuous phase 
Emulsification condition 
Agitation speed 
Injection rate 
Membrane pore size 
(2) PLGA encapsulated particle production 
W/0/W emulsion 
Emulsion type 
Inner water phase 
Oil phase 
Outer water phase 
Emulsification condition 
Primaty emulsion 
Secondaty emulsification 
Agitation speed 
Injection rate 
Membrane pore size 
see Fig. 1. Extensive validation of the Dispersion Cell as a means 
to provide reproducible drop sizes was performed in the work 
described previously [20,21], using the system of sunflower oil 
injected in to water, where multiple sets of experiments were 
performed for each reaction condition tested. A similar set of 
experiments was not performed here, due to the cost of the 
materials. 
2.1. Simple particle production 
Table 1 summarises the composition and the operating param-
eters used in the following experiments. When simple particles 
are produced, 10ml of DCM with different concentrations of 
PLGA (5%, 10%, 15%, 20% and 30%) were injected at a 
rate of O.Smllmin into 150ml of water containing 1%w/v 
PVA using a 40 11m pore diameter membrane. The continu-
ous phase was agitated at a stirrer speed of 600 rpm and the 
cell was immersed in a cold bath at 4 °C. Once the injection 
phase was finished, the droplets were solidified by different 
methods. The solidification is a result of the solvent (DCM) 
leaving the system. It is possible to influence this stage by con-
trolling the diffusivity of the solvent out of the drops as they 
solidify to form particles. This control can be achieved by: tem-
perature, surface area of the liquid free surface from which 
the DCM evaporates into the atmosphere and DCM concen-
Table 2 
Solidification methods employed for the PLGA particles 
Method Duration (h) Evaporation area (cm2) 
(A) Fast 2 150 
(B) Grad 24 150 
(C) Slow 24 50 
(D) Very slow 72 1.7 
Oil (PLGA and DCM) in water; i.e. 0/W emulsion 
5%, 10%, 15%,20%,30% PLGA, remaining material was DCM 
1% PVA dissolved in reverse osmosis water 
600 rpm stirrer speed 
O.Srnllmin 
40j.t.m 
Water in oil (PLGA & DCM) in water; i.e. W/0/W emulsion 
1000 ppm blue dextran, 40 g/1 sodium chloride, reverse osmosis water 
5%, 10%, 15% PLGA, remaining material was DCM 
1% PVA dissolved in reverse osmosis water, together with: 13, 26, 33, 
or 40 g/1 sodium chloride and saturated with DCM 
By a mechanical homogeniser 
By membrane emulsification using 
600 and 860 rpm stirrer speed 
O.Srnllmin 
40, 20j.t.m 
tration in the water phase. After producing the emulsion in the 
stirred cell it was poured into a beaker and stirred constantly at 
120rpm at room temperature for DCM removal. Four different 
solidification methods were tested changing evaporation areas 
and adding continuous phase to change DCM aqueous phase 
concentration. 
The four different methods investigated, and different solid-
ification times, are shown in Table 2. The solidification is the 
result of the DCM evaporation through the water phase and 
into the outside environment, so changing the DCM solubility 
in water controls the solidification rate. In a fast solidifica-
tion the emulsion (160ml) was poured into a beaker with a 
free surface of 150 cm2 together with 11 of reverse osmosis 
water containing 1% PVA to act as a stabiliser and keep the 
droplets-particles apart. The system was continuously stirred 
and the complete solidification process took approximately two 
hours. In a gradual (Grad) solidification 450ml of new con-
tinuous phase was gradually added to the stirred emulsion at 
a rate of 7.5 mllmin, for 1 h, followed by stirring for approxi-
mately 24 h. In a slow solidification process no other phase was 
added, the emulsion was stirred in a beaker with a free surface 
of 50 cm2 for approximately 24 h. In a very slow solidification 
process the top of the beaker was sealed with only the entrance 
for the overhead stirrer open, the solidification process took 
3 days. 
Continuous phase added (ml) Agitation speed (rpm) 
1000 120 
450 120 
120 
120 
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2.2. Encapsulated particle production 
First, 20 ml of reverse osmosis water, 1000 ppm of blue dex-
tran 2000 and 40 g/1 salt were emulsified with 50 ml ofDCM and 
different concentrations of PLGA (5%, 10% and 15%) using a 
mechanical homogenizer (Silverson Machines Ltd.), for 3 min 
at 8600 rpm. These operating conditions were established by 
observation using a microscope: at 8600 rpm there was a notice-
able difference between the distribution given by homogenising 
for 60 and 90s, but no further difference was observable beyond 
this time. Hence, a total time of 180 s was used to ensure unifor-
mity of the primary emulsion between the different tests. The 
primary emulsion, formed in this way, was completely stable 
showing no signs of coalescence and did not require a surfactant 
for stabilisation. This primary emulsion became the discontin-
uous, or injected, phase for the secondary emulsification. For 
the second emulsification, 10 ml of the discontinuous phase was 
injected in the dispersion cell into 150 ml of reverse osmosis 
water containing I% PVA and different salt concentrations ( 40, 
33, 26, 16 g/1). The injection rate was 0.5 mVmin, the stirrer 
agitation speed was either 600 or 860 rpm and membrane pore 
diameters of 40 and 20 J.Lm, respectively were used. The emul-
sification and the solidification stages were conducted at room 
temperature. A small amount of salt and water saturated in DCM 
was required to slow down DCM diffusion into the water during 
the emulsification. Different solidification methods were tested 
for the simple particles and from those results, the solidification 
method chosen for encapsulated particles was an overnight stir 
at 120rpm. 
The optimal concentration of PVA chosen for both types of 
experiments was 1%, determined from the literature, in order 
to provide the best particle size distribution [22], and encap-
sulation efficiency [23]. Blue dextran 2000 was selected as the 
water-soluble model drug because it can be easily measured 
spectrophotometrically and it has already been used as a marker 
when producing smaller PLGA microparticles [23]. Preparation 
temperature effects were thoroughly studied. It is reported that 
the emulsification temperature affects solvent removal rate, and 
therefore influences the surface morphology and the size of the 
final product, but not the encapsulation efficiency [24,25]. 
2.2.1. Particle size and encapsulation efficiency analyses 
Three pictures were taken of the newly formed emulsion 
using sampling and analysis under an optical microscope. The 
emulsion was not stable enough to be analyzed using an instru-
mental technique, such as laser light diffraction. Up to 600 
droplets were size analyzed using an image analysis system 
running Image J software. Once the solidified particles were 
obtained, their size and size distribution were measured using 
a Malvern Mastersizer. A comparison of Image J and Malvern 
data showed that the two methods provide very similar results. 
To determine the amount of blue dextran 2000 released, or 
not encapsulated, during the secondary emulsification process a 
sample from the outer water phase was filtered using Whatman 
filter paper number 3 and analyzed by an ultraviolet spectropho-
tometer at 620nm (UV-1201 Shimadzu). 
3. Results and discussion 
Since the method chosen is membrane emulsification fol-
lowed by solvent removal, oil droplet and solidified particle 
size are closely linked. It is important to control the emulsifica-
tion stage, and the solidification stage to achieve and maintain 
the required size and size distribution. Other operating char-
acteristics influence the surface morphology and hence the 
encapsulation efficiency. 
The Micropore Dispersion Cell has already been tested using 
other systems: sunflower oil in water [20], paraffin wax in water 
and water in kerosene [21]. The current challenge was to test 
the control parameters (membrane pore size, shear at the mem-
brane surface, chemical properties) on the PLGA system and 
to preserve the size and size distribution properties during the 
solidification stages, whilst maintaining a good encapsulation 
efficiency. 
3.1. Simple particle production-droplet formation 
The effect of agitation speed on the droplet size was tested by 
simple particle production, i.e. 0/W emulsions. Fig. 2 presents a 
similar trend to those already reported, the droplet size decreases 
as the agitation speed (or shear) increases. This is due to a higher 
drag force at the membrane surface, which directly depends on 
the rotation speed [20]. In the previous work with the stirred cell 
it was shown that the particle size uniformity of the drops formed 
is a function of the viscosity of the dispersed phase used. In the 
system studied here dispersed phase viscosity was changed by a 
variation in the PLGA content within the DCM, between 5% and 
30% PLGA dissolved in DCM was used. The results are shown 
in Fig. 3, the volume distribution improves with an increase in 
the PLGA concentration, as the width of the distribution curves 
can be seen to become narrower with increasing PLGA con-
centration and the peak height increases, hence with a higher 
discontinuous phase viscosity. 
3.2. Simple particle production-solidification stage 
After forming the drops, the next step was to maintain them 
during the solidification. During this stage, the solvent leaves 
the system, so particle shrinkage is to be expected. The droplets 
are very unstable and during this stage they may collide and 
coalesce, or be broken by the shear. The amount of PLGA used 
e 3oo 
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Fig. 2. PLGA droplet size dependence on stirrer agitation speed. 
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Fig. 4. PLGA particle size distribution dependence on solidification method. 
for these tests was 5%, in 95% DCM. As shown in Fig. 4, all 
the final solidified particles are smaller than the original droplets 
and they all shrank by the same amount. The "slow" procedure 
produced the best particle size distribution, actually improving 
it from the 5% PLGA droplet size distribution. 
It appeared that when the solidification time is too long, the 
droplets display a very long unstable period and their final shape 
is no longer spherical but elongated by the mild stirring, Fig. 5a. 
All the other particles are spherical and with an orange peel 
surface effect, see Fig. 5b for an example image. The solidi-
fication methods chosen did not appear to influence the outer 
surface morphology, as also obtained in [26]. In both Fig. 5a 
and b there is a scale bar in the bottom right hand corner of the 
image, illustrating a distance of 100 J.t.m. One of the project aims 
was to produce microparticles with a diameter ranging from 50 
(a) Very slow solidification 
up to 100 J.t.m and this appears to be successfully achieved for 
the simple PLGA particles. 
3.3. Encapsulated particle production 
In this case the aim is to encapsulate an internal aqueous phase 
within the PLGA oil phase in a W/0/W double emulsion. The 
primary emulsion is obtained by homogenization. Very small 
drops are required in order for them to spread evenly in the 
PLGA matrix. Using the homogenizer for 3 min produced a suf-
ficiently small droplet size that the emulsion was stable during 
the secondary emulsification without the need for any surfactant. 
The higher the amount of PLGA, the more stable the primary 
emulsion became. 
To obtain particles of 100 J.t.m, a 40 J.t.m pore diameter mem-
brane was used, and a stirrer agitation speed of 600 rpm. To 
obtain smaller particles of 50-60 J.t.m, a membrane with a pore 
diameter of 20 J.t.m and a higher agitation speed of 860 rpm was 
used. One of the main properties of membrane emulsification 
is the possibility to link droplet size to pore size and operating 
conditions, see Fig. 2 and [22]. The PLGA concentration also 
influenced the particle size. Contrary to reports in the literature 
[23,27], an increase in PLGA concentration caused a decrease 
in particle size. This is a consistently observable trend in Fig. 6 
and may be related to the porous nature of the resulting PLGA 
microsphere and the swelling it may experience. 
One important aspect in the degree of uniformity of the encap-
sulated particles formed was the salt concentration used in the 
external aqueous phase during the secondary emulsification and 
how it relates to the salt concentration of the internal aqueous 
phase used in the primary emulsification. This influences the 
osmotic pressure across the oil phase, which acts as a barrier 
between the two aqueous phases [28]. The degree of uniformity 
of the size distribution can be measured by the 'span', which is 
defined as follows 
X90- XJO 
span= 
xso 
where X90, xso and xw are the particle sizes at which 90%, 50% 
and 10% of the distribution fall below. Hence, the nearer the 
value of the span to 0 the more monosized the distribution is. In 
(b) Slow solidification 
Fig. 5. PLGA particles obtained by (a) method D, very slow and (b) method C, slow solidification processes. 
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Fig. 6. PLGA encapsulated particle size dependence on outer salt concentration, 
expressed as a ratio of the inner concentration for different membrane pore sizes 
and PLGA concentrations. 
general, a distribution is considered to be monosized if its span 
value is less than unity. 
Table 3 provides values of the span for the encapsulated par-
ticles using a variety of ratios of internal phase to external phase 
salt concentration. In the experiments the inner phase contained 
40 g/1 salt and outer/inner salt ratios used were between 1:1 
(same concentration of salt in the inner and outer water phase) 
to a ratio of 1:3 (outer phase salt concentration of 13 g/1, inner 
phase salt concentration of 40 g/1). Fig. 6 illustrates the vari-
ation in the median size, based on the number distribution of 
the particles, as a function of the ratio of the salt concentration 
outer: inner. There is no osmotic pressure when the salt concen-
tration is equal between the phases. At lower ratios it is likely 
that water enters the drop, which then solidifies, so a larger diam-
eter particle results from the process than given by a ratio of 1: 1. 
Table3 
Different number size distribution spans obtained for PLGA encapsulated par-
ticles at different PLGA concentration, size and outer phase salt concentrations 
PLGA Ratio water phase salt 
concentration (%) concentration outer to inner 
Pore size of membrane: 20 11m 
5 I 
5 0.83 
5 0.67 
5 0.33 
10 I 
10 0.83 
10 0.67 
10 0.33 
15 I 
15 0.83 
15 0.67 
15 0.33 
Pore size of membrane: 40 11m 
5 I 
5 0.83 
5 0.67 
5 0.33 
15 I 
15 0.83 
15 0.67 
15 0.33 
Resulting span of PLGA 
particles produced 
0.33 
0.35 
3.85 
3.66 
0.30 
0.32 
0.36 
0.34 
0.31 
0.30 
0.35 
0.35 
1.2 
0.51 
0.52 
0.63 
0.38 
0.46 
0.38 
0.40 
This effect is apparent for all concentrations of PLGA used in 
the process and for the two-membrane pore sizes tested. 
Shrinkage, which occurs due to the removal of the solvent 
from the beads, and solidification of blank and encapsulated 
particles has been extensively studied [29]. In the study reported 
here the intention is to consider the effect of osmotic pressure 
and PLGA concentration, whilst keeping constant the amount of 
inner water phase. PLGA concentration does not appear to affect 
the particle size or shrinkage, and this behaviour is characteristic 
of the encapsulated particles. For a given amount of inner water 
phase the same amount of shrinkage occurs despite the fact that 
the amount of PLGA is lower when a lower concentration is 
used. It is likely that this has an influence on the structure of the 
PLGA matrix, which is likely to be an important factor in the 
drug release. 
Fig. 7 illustrates the shrinkage that occurs between the as-
formed drops and the final solid particles. Shrinkage is due to 
the removal of the DCM solvent, leaving the PLGA matrix and, 
in the case of the encapsulated particles, the inner water phase. 
As reported in [28) when the difference of salt concentration is 
high between the inner and outer phases, the osmotic pressure 
acts in order to equalize them, so for higher salt concentration in 
the inner phase water from the outer phase enters the particles, 
which explains why the apparent shrinkage is reduced at the 
lower salt concentration in the outer phase. 
3.4. Encapsulation efficiency 
The encapsulation efficiency for the different operating con-
ditions is shown in Fig. 8. An encapsulation efficiency of less 
than 100% may be due to two effects: disruption of the primary 
W/0 emulsion which is being emulsified into a W/0/W emul-
sion, and by the leaching out of material from the inner aqueous 
phase after the encapsulated particles have been formed. Form-
ing large encapsulated particles, particle diameters bigger than 
approximately 10 IJ.m, is quite challenging as the larger drops 
tend to be more easily ruptured. Hence, it may be possible to 
create a W/0 emulsion using a mechanical homogeniser, but 
the subsequent creation of the secondary emulsion (to form 
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Fig. 7. PLGA encapsulated particle shrinkage dependence on outer salt concen-
tration expressed as ratio over inner water phase salt concentration for different 
membrane pore sizes and PLGA concentrations. 
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Fig. 8. PLGA encapsulated particle encapsulation efficiency dependence on 
outer water phase concentration expressed as a ratio of the inner water phase for 
different membrane pore sizes and PLGA concentrations. 
a W/0/W emulsion) is unlikely to have a high encapsulation 
efficiency if a mechanical homogeniser is again used. As the 
high shear will break the primary emulsion releasing the inter-
nal water phase. Thus, a gentle technique for the formation of the 
secondary emulsion is required, that will not give rise to rupture 
of the primary emulsion. Conventional membrane emulsifica-
tion uses tortuous pore channel type membmne structures, which 
provide lower shear conditions than a mechanical homogeniser, 
but still provide significant opportunities for disruption of the 
primary emulsion which is being injected through these tortuous 
pore channels. The membrane used in this study, and illustrated 
in Fig. 1, does not use a tortuous pore channel and provides a 
very short and gentle shear path for the primary emulsion to 
flow through to the surface of the membrane, where it is broken 
in a controlled manner by the shear imposed at the membrane 
surface arising from the stirrer. Hence, very high encapsulation 
efficiencies can be provided, as illustrated in Fig. 8. 
The second effect, leaching of the inner water phase material, 
may partially be influenced by the water transport due to osmotic 
gradients. When osmotic transport is high it is possible that 
pathways for transfer between the two aqueous phases (internal 
and external) become available. When 15% PLGA is used, the 
encapsulation efficiency does not depend on the osmotic pres-
sure and it is higher for larger particles, provided by the 40 11-m 
pore size membmne. Generally, a higher PLGA concentration 
gives higher entrapment efficiency, when all the other variables 
are constant. When a lower PLGA concentmtion is used, the 
different salt concentration becomes important and the encap-
sulation efficiency is lower when less salt is used in the outer 
phase. This effect is very noticeable with the smaller particles, 
formed using the 20 11-m pore size membrane. 
As described previously [27], the particles are formed by 
progressive loss of the organic solvent, so an increase in the 
PLGA concentration of the oil phase leads to a shorter time 
needed for solidification. The dominating loss of inner phase is 
believed to be due to transport to the external phase, and if the 
unstable time is shorter, then the loss of the inner phase will 
be lower. Also, higher PLGA concentrations result in a higher 
viscosity of the oil phase, which restricts the transport of the 
inner phase material towards the outer phase [30]. The diffusion 
of the inner phase material is also influenced by the size of 
the particle [14]. These conditions help explain why smaller 
particles have a lower encapsulation efficiency. It is also notable 
that when the droplets are smaller the interfacial area between 
the emulsion droplets and the external water phase is larger, 
hence the drug contained in the inner water phase has more area 
over which to diffuse. Moreover, the smaller the size, the shorter 
is the distance for the drug to reach the drop/particle surface. 
As shown for PLA and PLA/PLGA mixtures, when the 
osmotic pressure is high, water from the outer phase tends to 
enter the particles, leaving behind pores which provide exit 
routes for the inner phase once the particle has completely solidi-
fied [3,28]. At the same time, two other effects play an important 
role. Increasing salt concentration increases microsphere drug 
loading by reducing drug aqueous solubility, and at the same 
time it may decrease microsphere drug loading by depressing 
organic solvent solubility in the aqueous phase [31 ]. However, 
in the case where all the organic solvent is removed the latter 
effect is one appropriate to the kinetics of the solidification pro-
cess as, at equilibrium, all the solvent will be removed regardless 
of the solvent solubility. Other researchers on PLA have shown 
that the necessity to control the osmotic pressure is greater when 
membmne emulsification is used. It has been suggested that 
increasing encapsulation efficiency can be obtained by prepar-
ing the initial emulsion by using a membrane, rather than a 
homogeniser, and controlling the osmotic pressure [32]. A very 
comprehensive review of further developments in membrane 
based capsule and solid particle production, and factors influ-
encing these appropriate to medical diagnostics and healthcare, 
has been published [33]. 
4. Conclusions 
For subcutaneous drug delivery biocompatible particles with 
diameters in a size range between 20 and 100 11-m are required. 
These are of sufficient size to contain a reasonable amount 
of active ingredient, but not too big as to cause discomfort in 
administmtion and use. The production of particles in this size, 
and without the existence of material much smaller and bigger 
than these sizes, is challenging and often classification of the 
produced material is required to remove the under- and over-
sized material. A more effective method would be to generate 
the required size, with minimal off-size material. Furthermore, 
encapsulation efficiencies should be as high as possible, so 
that the active ingredient is going to the product rather than to 
waste from the process. Membmne emulsification is an effective 
method for producing drop sizes, and hence particle sizes after 
solidification, in a controlled way. The membrane type used in 
this study is ideal for the production of subcutaneous drug deliv-
ery particles as it is possible to produce particles in the size range 
required and with encapsulation efficiencies (for a water in oil 
in water system) shown to be as high as 100%. 
The regular array of pores in the membranes studied had pore 
diameters of 20 and 40 fLID, producing a range of encapsulated 
particles with median diameters between 60 and 140 11-m. Mem-
branes of this type are available with pore diameters down to 
7 11-m and the resulting particle diameter is a significant function 
of pore diameter. In this study, and for the production of encapsu-
lated PLGA particles, it was shown that for a salt mtio inner: outer 
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water phases of 1:1 the 40 11m pore size gave a median diam-
eter of 100 11m and under the same operating conditions the 
20 J.Lm membrane gave a size of 60 J.Lm. The uniformity of these 
particles was very good, with calculated span values of 0.30, 
under conditions of 15% PLGA and a salt ratio of 1:1. The 
same operating conditions gave encapsulation efficiencies close 
to 100%. · 
During the solidification process the organic solvent trans-
fers from the drops formed by the emulsification process to the 
external water phase and then to the water-air interface, where 
it then transfers to the air. As the organic solvent constitutes 
such a large amount of the organic phase, up to 95% by volume, 
the shrinkage of the drops as they solidify is substantial. Vol-
ume reductions of up to 75% are shown to be possible, for the 
particles using a 1: 1 salt ratio between the inner and outer aque-
ous phases. As the shrinkage is less than the content of organic 
solvent it may be concluded that the PLGA encapsulated par-
ticles may have a structure swollen by water imbibition from 
the external phase. The minimum shrinkage between the drops 
formed and the solidified particles was 8% (volume reduction 
of 8% in Fig. 7), despite the presence of 85% solvent which 
is removed during solidification. Hence the water imbibition 
would appear to be very significant with these particles. The 
conditions for minimum shrinkage existed when the salt ratio 
was such that there was a much higher salt concentration in the 
internal water phase in the W/0/W emulsion. Hence, there was 
a strong osmotic pressure driving the water from the external 
phase and in to the internal water phase. Despite this effect, 
the encapsulation efficiency was still approximately 100% for 
the 15% PLGA particles produced using the 40 J.Lm pore size 
membrane. 
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Abstract 
A series of tests with membrane pore sizes between 7 and 60 11m and uniform spacing between the pores of 80 and 200 J.Lm, conducted 
under conditions of zero surface shear at the membrane, show that an additional force to the buoyancy and capillary forces exists in membrane 
emulsification. A push-off force, derived by consideration of the geometry of the drops as they deform at the surface of the pores under high 
injection rates when most of the pores are passing liquid, is shown to model the size of the drops formed in the emulsification. In the tests, sunflower 
oil was injected into water and as the emulsification injection rate increased it was noticeable that there was a point at which the resulting drop 
distribution is at its narrowest. For the two pore spacings studied: 80 and 200 J.Lfi, the point at which the distribution was at its narrowest was at a 
Weber number of 1.5 x w-2, where the Weber number is defined using the drop diameter rather than the pore diameter. 
© 2008 Elsevier B.V. All rights reserved. 
Keywords: Emulsification; Sieve-membrane; Force balance; Push-off force 
1. Introduction 
Membrane emulsification is a process to produce an emul-
sion, or dispersion, of one liquid phase (such as oil) in a second 
immiscible liquid phase (such as water). The process usually 
employs shear at the surface of the membrane in order to detach 
the dispersed phase liquid drops from the membrane surface, 
after which they become dispersed in the immiscible continuous 
phase. In many cases the liquid drops are then polymerised, or 
otherwise solidified, in order to produce solid particles, usually 
with a very narrow particle size distribution. Examples of such 
products include: calibration materials, food and flavour encap-
sulates, controlled release depots under the skin, ion exchange 
resins, etc. [ 1]. 
High surface shear at the membrane surface is appropriate to 
the formation of fine dispersions and emulsions [2-6], but low 
surface shear, or none at all, is appropriate to the formation of 
larger liquid drops [7]. In the absence of surface shear, the force 
to detach the drop from the membrane surface is usually believed 
• Corresponding author. Tel.: +44 1509 222519; fax: +44 1509 223923. 
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to be buoyancy, which counteracts the capillary force-the force 
retaining the drop at the membrane surface. However, there is 
observational evidence, and a previously reported study [8], to 
suggest that there is an additional force causing detachment from 
the membrane pores, this force is applicable when there are a 
large number of drops at the membrane surface-<:ausing drops 
to deform from their preferred spherical shape. This force is 
known as the push-to-detach, or push-off, force and is investi-
gated further in this study. 
In previous studies [9, 1 0] a stirred cell was described in which 
membrane emulsification could be achieved using a circular disc 
membrane of the type illustrated in Fig. 1, on top of which a sim-
ple paddle blade stirrer induced shear at the membrane surface, 
resulting in droplet detachment during membrane emulsifica-
tion. A stirred cell for membrane emulsification is an unusual 
device to use when a uniform drop distribution is required. Most 
processes use crossftow or, for the generation of larger diame-
ter drops, microchannels [ 11] or a rotating tubular membrane in 
a stationary liquid [7]. It is commonly believed that a uniform 
shear field is required for the generation of monosized drops 
by membrane emulsification, hence devices that provide a uni-
form shear field at the surface of the membrane are suggested. 
However, in the previous study [10], it was found that a sim-
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pie paddle stirrer, with a consequently varying radial shear field 
at the surface of the membrane, could produce drops of an oil 
phase dispersed in a low viscosity water phase with a high degree 
of homogeneity. The membrane pore diameter used in the pre-
vious study was 20 IJ.m and drops with diameters between 40 
and 110 IJ.m were produced. The mean size varied as a function 
of the stirrer speed and, hence, shear imposed at the membrane 
surface. However, it was noted that the force balance model over-
estimated the drop size produced by the system when operating 
at low shear rates at the membrane surface and high injection 
rates of dispersed phase. In other words, there appeared to be an 
additional force acting to detach the drops off the surface of the 
membrane, which is dominant at values of low shear and high 
injection rate. 
In the absence of shear flow at the membrane surface, the size 
of the drop in emulsification may be defined by the buoyancy 
force. If the buoyancy force is directed towards the membrane, 
or difference in density of discontinuous and continuous phases 
is small, apparently, there is no reason for a drop to stop growing. 
However, in membrane emulsification thousands, or hundreds of 
thousands, of pores are generating drops simultaneously. Drops 
grow from the holes under the applied pressure of the injecting 
fluid. As shown by Nisisako et al. [12], Xu et al. [13] and Van 
Der Graaf et al. [ 14 ], the formation of a neck leads to conditions 
which favour detachment, see Fig. 2. In the condition of a regu-
lar array membrane, similar to that shown in Fig. 1, if the drop 
diameter is bigger than the distance between the pores, then the 
drop shape deviates from spherical towards a prolate spheroid 
at high injection rates. Similar behaviour is visible in [8].· If the 
inter-pore distance is large and the surfactant stabiliser acts fast 
enough, the drops do not coalescence. At the early stage of drop 
formation, the drop surface interface area increases rapidly. The 
interfacial energy therefore changes as the drops grow. If the 
surfactant has sufficient time to stabilise the interface so that 
the drops do not coalesce, then the drops at adjoining pores on 
the membrane surface will be stable and act as deforming par-
ticles. This deformation leads to additional work done in the 
system: the capillary force retains the drops at the membrane 
surface in what would otherwise be a minimum energetic state, 
Fig. I. Regular array of pores on membrane used to produce emulsions. 
[8 Spherical drop ./ fanned after 0 ., V" detachment . 
Pascal's 
equipres.•ure 
Ellipsoid fonned 
by deforming 
drops at pore ~ 
surface 
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Fig. 2. Drops emerging from membrane pores and deformed from spherical 
shape giving rise to the push-off force. 
i.e. spherical drops. Hence, for dispersed drop size modelling, 
and understanding, there is an additional force due to the pres-
ence of neighbouring drops, which deform the drops from their 
otherwise spherical and minimum energy state and gives rise to 
a push-off force after which the drops achieve their minimum 
energy state when they return to a spherical shape, after detach-
ment. In a highly regular membrane, such as that illustrated in 
Fig. l, it may be that the presence of this additional force helps 
to produce more uniformly sized drops. 
There are many ways that the degree of narrowness of the 
size distribution can be reported, such as: variance, sharpness 
of distribution, standard deviation, but for the sake of simplicity 
the method employed here will be a commonly used one by 
commercial laser light diffraction apparatus, which is the span 
defined as 
D90- Dw 
span= 
Dso 
(1) 
where Dgo, Dso and Dto are the particle sizes at which 90%, 50% 
and 10% of the distribution lies below on a cumulative undersize 
figure. Span values of less than 1 are usually deemed to show 
monosized distributions [6]. 
2. Dispersed drop size modelling 
The push-off mechanism is likely to be more noticeable 
with a regular array membrane, such as that illustrated in 
Fig. 1, compared to membrane emulsifications using conven-
tional membranes such as the Shirasu Porous Glass (SPG) type. 
The latter is an irregular array of pores where the pore openings 
are randomly spaced on the membrane surface. Studies using 
the SPG membrane have suggested that the surface utilisation of 
this type of membrane may be as low as 1%, but with increasing 
injection rate this utilisation increases [15]. The low utilisation 
of the membrane surface area is due to the irregular and tortu-
ous pore channels in this type of membrane, whereas the regular 
array type of membrane illustrated in Fig. 1 has very uniform 
pores and pore channel depth. It is likely that the rate of mem-
brane utilisation is significantly greater than with the SPG type 
of membranes. If the drops are allowed to grow in the absence of 
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shear a consideration of the energy of the system suggests that 
it is likely that drops of a more uniform size will be formed, as 
within a size range of drops the bigger drops will have a higher 
surface area and, hence, a bigger overall energy requirement. 
However, for the push-off mechanism to exist it is important 
to ensure that jetting of the injected liquid into the continuous 
phase does not occur. 
The process of membrane emulsification uses the membrane 
to control the drop size of the emulsion formed, if the rate of 
injection of dispersed phase into the continuous phase is too great 
a jet of dispersed phase will form at the pore and drop formation 
will be due to drop instability. This will lead to a large drop size 
distribution and is not the best use of the membrane for mem-
brane emulsification, i.e. the intention is not to use the jetting 
regime for the production of the drops. Hence, there is a limit 
to the rate of injection, it needs to be below the jetting regime. 
These can be assessed by consideration of the dimensionless 
numbers appropriate to the process, given below: 
2rppv 
Re=--; 
JL 
JLV Ca=-; 
y 
D(n, 0.5)pv2 Wep = __c __ :...;...__ 
y 
r pv2 We= _P __ ; 
y 
where Re is drop Reynolds number, Ca is the capillary num-
ber, We is the Weber number, p is the liquid density, D(n,0.5) 
is the median size of the drops on a number size distribution, 
v is the velocity of the injected liquid through a pore, JL is the 
coefficient of dynamic viscosity, y is the interfacial tension, and 
rp is the radius of the pore channel. A small capillary number 
indicates that the capillary force (interfacial tension) prevails 
over the viscous dissipation force and push-off may be valid. 
The Weber number (We) is defined in the conventional manner, 
by pore radius, and when it is small it indicates that the inertial 
force is negligible compared with the interfacial force. How-
ever, it may be more appropriate to consider a definition of the 
Weber number based on the diameter of the drops formed, rather 
than the much smaller pore orifice diameter, as the phenomenon 
under investigation is the stability of a column of liquid, or jet, 
above the membrane pore which would otherwise have a diam-
eter equal to the formed drops. This is termed the particle Weber 
number (Wep). In the study reported here, the membrane is a very 
thin lamina metal sheet and, clearly, flow will not have time to 
develop through the membrane channel. Hence, the Reynolds 
and Capillary numbers are only indicative values-to illustrate 
the minimal effect of inertia relative to viscous forces (low Re) 
and the minimal effect of the viscous force relative to interfacial 
tension (low Ca). Hence, the system under investigation is dom-
inated by the interfacial tension and whatever force is shown 
later to cause the drops to detach from the membrane. 
The logic behind the push-off force comes from a consider-
ation of an energy balance of the emerging drops, an approach 
that has been suggested previously and solved using a numerical 
technique based on the surface evolver software [16]. In this pre-
vious work the energy of a single emerging drop was considered 
and determined for the situation when it was more energetically 
favourable for the drop to exist as a separate drop detached from 
the membrane. An alternative approach is adopted in this paper, 
which is to develop an analytical equation for the drop diam-
eter of the spherical drop formed after detachment; where that 
detachment is in part due to the presence of other drops and 
then to solve the equation iteratively using a standard mathe-
matical package. The essence of the model is that work done on 
. the system goes into increasing the interfacial area between the 
emerging drops and the continuous phase, Fig. 2, until the force 
on the drops to provide this work done is sufficient to overcome 
the capillary force holding the drops to the membrane opening. 
Each drop is surrounded by four neighbours, which exert a force 
on the central emerging drop causing it to deform. Hence, if the 
force exerted by each neighbour is FoFF 
4FoFFd.x = ydA 
where dx is the distance along the path of the force, y is the 
interfacial tension and dA is the change in area, which at the 
point of interest will be the change in area due to the formation 
of an ellipsoid rather than a spherical drop. The point of interest 
being the spherical drop size at which the drop detaches from the 
membrane, as this will be the drop size of the formed emulsion. 
However, this will be different from the diameter of the ellipsoid 
formed on the membrane surface, as this will be smaller than 
the spherical drop size, which is measured after detachment. 
Hence, it will be necessary to relate the spherical drop diameter, 
which is measured, and the ellipsoid drop diameter formed at 
the membrane surface. 
The pressure inside a deformed drop will be uniform, as a con-
sequence of Pascal's principle (also illustrated in Fig. 2), hence 
it is possible to write a force balance between the capillary force 
attaching the drops to the membrane pore and a net detachment 
force (G), arising from the push-off, deemed to be operating in 
the vertical direction and causing the drops to detach, see Fig. 2. 
Hence, 
Gdz = 4FoFFdx = ydA (2) 
where dz is the deformation of the ellipsoid, from a sphere, 
in the vertical direction. The modelling approach depends on 
predicting the area increase due to the deforming drop. Using 
conservation of mass to determine the change in area, ~A pro-
vided by Eq. (2), the change in area due to the deforming drop 
is 
~A = (Sen- Ssph) 
The surface area of a sphere is 
Ssph = rrD2 
The surface area of an ellipsoid is 
rr ( D~11 arcsin ( J D~11 - L2/ Den)) 
Sen = - L L + -----;'====:------'-
2 Jv~n- L2 
(3) 
(4) 
(5) 
Considering the volumes of a sphere and ellipsoid, the equation 
relating the diameter of an ellipsoid to the diameter of a sphere 
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of equal volume is 
(6) 
When calculating the surface areas, a surface area of the neck 
should be removed from the entire surface area Sen in Eq. (5), 
see Fig. 2 for an illustration of the neck region. However, for 
drops greater than I 00 11m in diameter formed on a membrane 
with pore diameter of 20 11m the neck area will be insignificant. 
Hence, it has been neglected for this analysis. Similarly, another 
force has been proposed due to the action of the static pressure 
inside and outside of the droplet at the position of the neck, i.e. 
the force due to static pressure difference [13]. Determination 
of this force depends on knowledge of the neck diameter and 
the drop diameter. In the experimental study shown here the 
neck diameter will be unknown, but less than the 20 11m pore 
diameter, and the droplet diameters approach 200 IJ.m. Hence, 
in the absence of information on the neck, this force has been 
neglected from the mathematical analysis, which should provide 
an error of less than 10% on the final calculated values of forces. 
Eqs. (3}, (5) and (6) can be used to provide an equation that 
relates the difference in surface area between a sphere and ellip-
soid, in terms of spherical droplet diameter and pore spacing. 
The latter term providing the diameter of the ellipsoid in the 
direction parallel to the membrane surface when the drops are 
deforming at a high concentration at that surface. 
A A = -iT L 2 - 2D2 + ----'-----;=:::;;==:;:----'-
I[. D6 arcsin(L2.jD6/L4-L2/D3)] 
2 L..JD6-L6 
(7) 
Using Eq. (2) to relate z, and change in area from Eq. (7), gives 
the equation for the push-off force 
In Eq. (8) the push-off force is related to the volume of the 
drops, or the equivalent spherical diameter of the spherical drops 
formed D, and the distance between the pores (L). The latter 
dependency is shown in Fig. 3. In this case, the volume of drop 
was fixed with four values corresponding to drop diameters 500, 
400, 300 and 200 ~J.m, and the clearance between centres of the 
drops is investigated. 
This dependency shows that, at the fixed drop diameter, 
the push-off force grows with decreasing the distance between 
pores, and reaches a maximum when the distance between the 
pores is about 0.55 times less then drop diameter. When Lis close 
to zero, the push-off force vanishes. This is when the drops are 
very prolate and are, in fact, cylinders. 
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Fig. 3. Effective push-off force for drops of spherical diameters of 500-200 J.Lm 
at different pores spacings. 
2.1. Critical drop diameter 
The critical drop diameter is the diameter of the spherical 
drop that will detach from the pore of a membrane of given 
distance between the pore centres. The force retaining the drop 
to the surface pore of the membrane is the capillary force 
Fca = 2lTyt'p (9) 
The forces that may detach the drop are buoyancy and push-off 
forces. The buoyancy force is important for large drop sizes. The 
equilibrium condition for the buoyancy of a single drop, without 
significant push-off force (i.e. L much greater than D) is 
(10) 
Hence, for the buoyancy force to be the dominant detachment 
mechanism, the drop size should be 
g(p- Poil) (I I) 
For the system investigated with an interfacial tension of 
7 mN m-1, pore radius of I x w-5 m, and density differ-
ence of I40kgm-3 the drop diameter should be bigger than 
1.3 X 10-3 m, or 1300 !J.m in the absence of a push-off force. 
This is a very large drop size. 
Eqs. (8), (9) and (1 0) can be solved for the spherical drop 
diameterunderthe condition when t~e capillary force is balanced 
by both the push-off and buoyancy forces 
(I2) 
This provides the critical drop diameter. The equation has to 
be iteratively solved and this has been achieved using Maple 9. 
The results of a calculation are presented in Fig. 4 as a function 
of pore size for the two different values of spacing between 
the membrane pores used in the experimental study: 80 and 
200 !J.m, and the physical characteristics of the liquids used in 
the experiments. 
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3. Experimental 
The emulsion was obtained by a membrane technique using 
a flat, circular metal hydrophilic membrane with an array of 
uniform pores. Different pore sizes and pore distances were 
tested. The discontinuous phase was made of pure sunflower oil 
(food grade from a local supermarket). The continuous phase 
was composed of 2% Tween 20 (Acros Organics) in reverse 
osmosis water (obtained from a Millipore RO unit). The mem-
brane emulsification apparatus, a dispersion cell, was provided 
by Micropore Technologies Ltd., Leicestershire, UK. A total 
of 15 m! of discontinuous phase was injected through the mem-
brane into 150 m! of continuous phase for each test. The injection 
was performed using a syringe pump. Once the desired amount 
of discontinuous phase was pushed through the membrane, the 
pump was switched off, the droplets were allowed to float, 
and then removed for analysis. The obtained droplet diameter 
and size distribution was measured by laser diffraction, using 
a Malvern Mastersizer. Interfacial tension measurements were 
made using the Du Nouy ring method, White Elec. Inst. Co. Ltd. 
model DB2KS. In most respects, the equipment and procedures 
were similar to what was reported previously [9], but without 
the application of shear at the membrane surface. 
4. Results and discussion 
4.1. Jnjection rate dependency 
The push-off force is connected with some collective motion 
of the drops when, ideally, all the pores on the membrane surface 
are working. It is assumed that this corresponds to the same 
injection rate through all the membrane pores participating in 
the emulsification. In one limiting case, when only a few of the 
pores are working, and distance between those pores is bigger 
than the size of the drops, the push-off force is zero and final 
drop size is defined only by an equilibrium of buoyancy and 
capillary forces. 
At increasing injection rate, more and more pores will pass 
injected liquid [15] and the push-off force becomes significant. 
Hence, the size of the drops becomes defined by the push-off 
force and, possibly, the buoyancy force. The particle size distri-
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Fig. 5. Drop size distributions obtained by laser light diffraction at different 
injection rates. 
butions corresponding to the different injection rates (from 0.1 
up to 30 mVmin) are presented, as determined by laser diffrac-
tion, in Fig. 5 for the tests using a 20 11m pore sized membrane. 
From each distribution three parameters D(n,0.1 ), D(n,O.S), and 
D(n,0.9) were obtained and those parameters are plotted as a 
function of the injection rate in Figs. 6 and 7. 
In Fig. 6 the region between the displayed bars indicate 80% 
of the drop size distributions, i.e. the lower limit corresponds to 
D(n,0.1 ), and the upper is D(n,0.9), the experimental markers are 
at D(n,0.5). Fig. 7 provides a similar plot for a membrane with 
the same pore size, but spacing between the membrane pores of 
200 flm. 
It is noticeable, see Fig. 5, that there is some range of injec-
tion rate where emulsification gives the most monosized drop 
distributions. For very small injection rates the drop size distri-
bution is very broad and bi-modal. The very small drops lower 
the value of D(n,0.5) in a number distribution and for 0.5 mVmin 
very big drops (600 11m) are formed as well. This indicates that 
for small injection rates the emulsification is not stable: sate!-
400 io 80 micron ~~~arancebetween pores I 
E 300 
::a. 
Q) 
.t:! 200 fJI 
a. 
e 
0 100 
rr ·:::tJ .T. 1 . t. .... J .... Y. ... Y 
0 
0 10 ~ 
Injection rate (ml/mi) 
Fig. 6. Drop size with measure of spread (090-DIO) as a function of injection 
rate through a 20 11-m pore size membrane with 80 11-m clearance between the 
pores. 
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Fig. 7. Drop size with measure of spread (D90-DIO) as a function of injection 
rate through a 20 11m pore size membrane with 200 11m clearance between the 
pores. 
lite drops appear to form together with drops defined in size by 
equilibrium of buoyancy and capillary forces (up to 1300 !J.m), 
which may well then become broken in the emulsification cell, 
or on sampling. 
At just below I 0 mllmin the membrane emulsification gives 
the best distribution with the lowest span. For bigger values of 
injection rate the distribution again becomes worse. At injec-
tion rates greater then 20 mllmin very big drops (up to 0.5 cm) 
were formed in the centre of the membrane. These drops were 
not detected by the analytical equipment, due to buoyancy, as 
they did not enter the detection cell. The increasing size, and 
widening, of the distribution occurs most probably because jet 
instability forms. Table I provides data for the dimensionless 
numbers provided earlier. For all the injection rates the Reynolds 
and Capillary numbers are very small. There is no evidence in 
Figs. 6 and 7 to suggest that the drop size increases with injec-
tion rate, or Capillary number, after a threshold value, as has 
been found previously in microchannel emulsification [ 17]. In 
that work, a critical Capillary number of 0.052 was determined 
as the threshold between drop diameters remaining stable, as 
a function of injection rate, and beyond that threshold where 
average diameters were observed to increase with injection 
rate. It is noticeable that all the Capillary numbers reported in 
Table I 
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Fig. 8. Variation of drop size distribution span with Weber number based on 
drop diameter for membrane pore sizes between 7 and 60 J.Lm and pore spacing 
80 IJ.m. 
Table I are below the suggested threshold of 0.052. Hence, the 
work reported here is consistent with the conclusions from the 
microchannel study, but in this work the higher injection rates 
appear to suffer from \l broader drop size distribution. 
Figs. 6 and 7 illustrate the existence of an optimum injection 
rate at which there appears to be the most uniform drop size 
distribution formed: 8 mllmin for the 80 IJ.m clearance mem-
brane and nearly I 0 mllmin for the 200 IJ.m clearance membrane. 
Either side of this optimum injection rate the range between the 
D90 and DIO is greater, giving rise to an apparent butterfly-
plot shape to the curve. It is hypothesized that at this optimum 
injection rate the drops touch each other and the push-off force 
is working to form consistent drops at the membrane surface. 
Beyond this injection rate some form of instability is apparent, 
leading to a wider size distribution. 
Figs. 8 and 9 illustrate data for a variety of membrane pore 
sizes using the two different pore spacings of 80 and 200 11-m. 
The span is plotted against the Weber number, based on the 
drop diameter rather than the pore diameter. For both pore spac-
ings, and for all the membrane pore sizes, there is a minimum 
span value, i.e. most monosized distribution, at a Weber number 
Flow conditions and dimensionless numbers during injection of dispersed phase through membrane pores 
Injection rate (rnllmin) Velocity per pore (cm/s) Reynolds number Capillary number Weber number Weber number (using drop diameter) 
0.1 0.021 0.004 3.0E-05 1.2E-07 1.5E-06 
0.2 0.041 0.008 5.9E-05 4.9E-07 6.1E-06 
0.4 0.083 0.017 1.2E-04 2.0E-06 2.5E-05 
0.5 0.104 0.021 1.5E-04 3.1E-06 3.8E-05 
0.8 0.166 0.033 2.4E-04 7.9E-06 9.8E-05 
I 0.207 0.041 3.0E-04 1.2E-05 1.5E-04 
2.5 0.518 0.104 7.4E-04 7.7E-05 9.6E-04 
5 1.036 0.207 1.5E-03 3.1E-04 3.8E-03 
10 2.072 0.414 3.0E-03 1.2E-03 1.5E-02 
15 3.108 0.622 4.4E-03 2.8E-03 3.5E-02 
17.5 3.627 0.725 5.2E-03 3.8E-03 4.7E-02 
20 4.145 0.829 5.9E-03 4.9E-03 6.1E-02 
25 5.181 1.036 7.4E-03 7.7E-03 9.6E-02 
30 6.217 1.243 8.9E-03 J.JE-02 1.4E-OI 
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200fl.m. 
close to 1.5 x 10-2. This appears to be the optimum condition 
to operate the emulsification, in the absence of surface shear, if 
the objective is to have a narrowly size distributed product. 
In Fig. 10 the predicted average drop diameters, from Eq. 
(12), are compared with the measured values for the different 
pore sized membranes at both 80 and 200 j.Lm pore spacings. 
There are three theoretical curves: a solution based on buoy-
ancy and capillary forces, neglecting the push-off force which 
gives the same curve for both 80 and 200 j.Lm pore spacing, 
and two separate curves for the solution to Eq. (12) taking 
account of the push-off force for the two separate pore spac-
ings. On the same figure experimental data is displayed for 
tests using membrane pore sizes between 7 and 60 j.Lm, and the 
two different pore spacings. The experimental markers a~e the 
median number distribution values and the bars represent the 
distance between the D90 and D10 of the distributions. The 
agreement between the predicted and measured data appears 
to be good for the model that includes the push-off force. 
Clearly, a model based solely on buoyancy does not represent the 
data. 
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5. Conclusions 
Using a series of membranes with a highly uniform pore 
spacing of 80 and 200 j.Lm, and uniform pore sizes between 7 
and 60 j.Lm, under conditions of zero surface shear at the mem-
brane, it has been shown that an additional force to the buoyancy 
and capillary forces exists in membrane emulsification. Mod-
elling of the emulsification process using buoyancy as the sole 
force causing detachment from the membrane surface provides 
results considerably in error when compared to the experimen-
tal data. Adding a push-off force, derived by consideration of 
the geometry of the drops as they deform at the surface of the 
pores, provides good agreement between the model and data. 
The push-off force is the dominant detachment force in the force 
balance. However, the push-off force only becomes significant 
at emulsification injection rates sufficient for an array of drops to 
appear at the membrane surface. The force depends upon adja-
cent drops at the pore openings interacting with each other, but 
not coalescing. Under these conditions, the drops will deform 
from their state of minimum energy, i.e. spherical shape, to that 
of ellipsoids and a consideration of this deformation gives rise 
to the mathematical force used to describe the push-off force at 
the membrane surface, Eq. (8). 
For a given membrane, as the emulsification injection rate is 
increased it is noticeable that there is a point at which the result-
ing drop distribution is at its narrowest, i.e. the most monosized 
drops are formed. Injection rates both lower and higher than 
this optimal value give a broader drop size distribution. Hence, 
when plotting the span of the distribution against the injection 
rate, with markers around the median drop size value at D90 and 
D1 0, the figure resembles a butterfly-plot. Forthe two pore spac-
ings studied: 80 and 200 j.Lm, the point at which the distribution 
was at its narrowest was at a Weber number of 1.5 x 1 o-2, where 
the Weber number is defined using the drop diameter rather than 
the pore diameter. The justification for this approach is that the 
number is being used to assess the stability of a stream of liquid 
above the membrane pore which will become unstable at a cer-
tain Weber number and the characteristic linear dimension is the 
stream, or drop, diameter as it comes away from the membrane. 
In order to operate a similar, regular pore array, membrane 
system under conditions where the narrowest drop size distribu-
tion is formed Eq. (12) could be solved to determine the average 
drop diameter from the experimental conditions, which can then 
be used to determine the required injection rate to give a Weber 
number of 1.5 x 10-2• Hence, from knowledge of the membrane 
and physical properties of the liquids, it should be possible to 
predict the conditions required to provide monosized drops in 
the absence of shear or other detachment mechanisms apart from 
buoyancy and push-off forces . 
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During membrane emulsification it is shown that the size of the drops formed at the membrane surface 
may increase with increasing dispersed phase injection rate through the membrane, or it may decrease, 
depending on the prevailing conditions. This is illustrated using a paddle stirrer positioned above flat disc 
membranes with regular arrays of pores of 20 IJ.m diameter and spacing between the pores of 80 and 
200 IJ.m. In the former case an additional mechanism for drop detachment is the push-off force, which 
is determined by the geometry of the drops as they deform at the membrane surface. When dispersing 
sunflower oil in to aqueous solutions containing Tween 20, drop sizes between 60 and 200 IJ.m were 
produced, and in the case of the membrane when the push-off force was working the Coefficient of 
Variation of the drops formed was below 10%. The push-off force may be added to the shear-drag force to 
predict drop detachment. For the 200 IJ.m pore spaced membrane this force is much less prominent than 
the 80 ll-m spaced membrane. The capillary-shear model has been modified to include this push-off force. 
The experimental study required the use of very low dispersed phase injection rates as well as very high 
rates. Hence, two different types of pumps were used to provide these: a peristaltic and syringe pumps. A 
small study comparing the drop size, and size distributions, showed that the pump type did not influence 
the drops produced by the membrane emulsification process. 
1. Introduction 
Emulsions have an important role in the pharmaceutical, 
petrochemical, cosmetic and food industries. Emulsions are 
conventionally prepared using stirred tanks, high pressure homog-
enizers and rotor stator devices such as colloid mills and static 
mixers. These methods have a number of problems, such as: 
unreliable scale-up, wide droplet size distribution, high mechan-
ical stress due to fluctuating forces in the flow field and poor 
batch to batch reproducibility [ 1,2]. Membrane emulsification over-
comes many of these problems and is a method that has received 
increasing attention over the last 15 years. Initially, work was per-
formed in japan using the Shirasu porous glass membranes, and 
many potential applications have been documented (3]. Membrane 
emulsification has many advantages over conventional methods 
of dispersion generation, including: low shear stress, and conse-
quent reduction in energy requirement (especially for producing 
small droplets), simplicity of design, consistent product and smaller 
• Corresponding author. Tel.: +44 1509 222519; fax: +44 1509 223923. 
E-mail address: r.g.holdich@l.boro.ac.uk (R.G. Holdich). 
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amount of surfactant required [4]. When using membrane emulsi-
fication technology, the most important advantage is the possibility 
to produce droplets of a defined size with a narrow size distribu-
tion. The size of the emulsion droplets is determined by various 
process parameters including the membrane properties of pore 
size, distance between the pores, pore shape and membrane wet-
tability by the liquids present; together with process conditions of: 
shear stress at the membrane surface, discontinuous (i.e. injected) 
phase flux, viscosity of the phases and interfacial tension [5-7]. To 
form the droplets and to prevent them from coalescing, a shear 
field is used. In cross-flow membrane emulsification, shear stress 
is generated at the membrane/continuous phase interface by recir-
culation of the continuous phase using a pump. This recirculation 
may induce breakage of the droplets inside the pipes and pump. One 
solution to this problem is to use a rotating membrane [8], where 
the shear stress is developed by rotating the membrane rather than 
using a flowing continuous phase. In other devices, the shear at the 
membrane surface is provided by a magnetic stirrer or membrane 
vibration [9]. In this study a membrane emulsification Dispersion 
Cell has been investigated. It contains a circular disc membrane 
positioned below a simple paddle stirrer, which induces shear at 
the membrane surface. As shown in [5], the shear profile provided 
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by the paddle stirrer is not uniform, but it produces monosized 
emulsions because most of the drop generation takes place around 
the critical radius where the shear field is at a maximum. 
There are two main detachment mechanisms described in the 
literature: spontaneous transformation-based (STB) droplet for-
mation [10,11) and, shear induced droplet formation [12,13]. STB 
describes situations where the droplets are formed predominantly 
in the absence of shear. In silicon microgrooved devices, the 
droplets deform and detach from the microsubstrate as a result of 
the geometry, not because of the imposed shear stress, or contacts 
between themselves [ 10 ]. Rayner et al. [ 11] employing the Surface 
Evolver software, used the change in interfacial energy to model 
the droplet shape and hence size. Shear induced droplet forma-
tion describes the condition where the shear stress affects the size 
and distribution of the droplets. It has been modelled using an alge-
braic torque balance equation (TBE) and a force balance (FBE) along 
the droplet contact line located around the membrane pore border 
[ 12-15]. During the detachment process, a number of forces have 
been identified; it has been shown that for micron scale droplets 
the inertia and buoyancy forces are approximately 9 and 6 orders 
of magnitude smaller, respectively, than the drag due to shear at 
the membrane surface and, therefore, can be neglected in the FBE 
and TBE models [12,14]. 
In addition to shear stress, the rate at which the dispersed 
phase is passed through the membrane plays a crucial role. If 
dispersed phase flux is increased, the droplet volume prior to 
detachment increases, hence the droplet size increases [15-17]. 
Another phenomenon linked to the dispersed phase flux is the 
change in dynamic interfacial tension [12]. The interfacial ten-
sion is increased by the creation of fresh interface as the droplet 
expands and lowers the surfactant coverage per unit area. This 
is a kinetic process, as the interfacial tension will be lowered by 
new surfactant adsorbing from the continuous phase to the sur-
face, but the faster the dispersed phase flux the lower will be the 
overall effective surfactant concentration during drop formation at 
the interface between the two phases. Lastly, the increase in injec-
tion rate may lead to a higher number of active pores, or it may 
cause a transition from a dripping regime to a continuous outflow 
regime. 
Vladisavljevic et al. [17] using a microscope video system and 
an SPG membrane with 15 J.Lm diameter pores, showed that even if 
droplets formed at the same time at adjacent pores and contacted 
each other, there was no coalescence, in a well surfactant stabilised 
system. There are a number of other references for the descrip-
tion of drop formation, they mostly consider a single drop, not the 
drop interactions. Abrahamse et al. [18], studied the interaction 
during cross-flow emulsification using a microsieve consisting of 
uniform micron sized pores. By the use of video and a microscope, 
they showed that droplets forming at pores sometimes touched 
each other while they were growing. Due to this steric interfer-
ence, droplets detached. Because of the small number of pores in 
the membrane used, and some surface coalescence, the force due 
to droplet 'push-off in this case led to a high degree of drop size 
polydispersity. Zhu and Barrow [9] used stationary and vibrating 
micromachined membranes with a pore diameter of 2.5 J.Lm and 
distance between the pores ranging from 20 to 100 J.Lm. They found 
that the droplet size increased with increasing the dispersed phase 
flow rate up to a maximum and then decreased when the pore 
distance was at the finer end of the pore spacing range. By video-
microscopy, it was found that as the droplets grew in size, they 
interact and appeared to create a push-off on the nearby drops 
which contributed to droplet detachment In this case coalescence 
was not observed, as confirmed elsewhere [17]. Moreover, they 
hypothesised that an optimum inter-pore distance can facilitate 
droplet detachment 
An algebraic equation for the force due to neighbouring drops, 
i.e. push-off, was derived when no shear is applied [7]. Briefly, for a 
membrane with a regular array of pores, if the drop diameter is big-
ger than the distance between the pores, the drop shape deviates 
from spherical towards a spheroid when at high dispersed phase 
flux. Deformation of the drop shape from the minimum energetic 
state leads to additional work done in the. system. The drop size 
predictive equation is based on the concept that work done on the 
system goes into increasing the interfacial area between the emerg-
ing drop and the continuous phase, until the force on the drop is 
sufficient to overcome the capillary force holding the drop to the 
membrane opening. 
The present work reported here extends the earlier work [7] 
as shear stress is now included in the predictive model, together 
with a comparison of the effects due. to the different phenomena 
taking place at the drop-continuous phase interface, and how they 
influence the resulting drop size. A range of dispersed phase fluxes 
and shear stresses at the membrane surface have been tested on 
membranes with different pore spacings to investigate the push-off 
effect. 
2. Model for the prediction of droplet diameter 
As reported in many previous papers [ 11,15.19] there are anum-
ber of forces acting on a growing droplet from a porous membrane. 
Of all these forces, the capillary force, Fca. and an opposing drag 
force, Fo. are the most important. For the droplet size produced, the 
buoyancy force does not significantly influence the force balance. 
The droplet diameter can be predicted based on a simple force 
balance. The expression for the capillary force can be modified to 
consider the neck, which exists between the forming drop and the 
membrane pore, by introducing another force called Static force, 
fstat [19,20]. As shown by Xu et al. [20], there is a static pressure 
difference due to pressure between the inside and outside of the 
droplet which can be expressed as 
4y rr 2 fstat = dd 4dP (1) 
where the neck diameter is approximated to the membrane pore 
diameter (dp). y is the interfacial tension and dd is the droplet 
diameter. The force due to interfacial tension (capillary force) is 
Fca = rrdpy (2) 
It is possible to modify the capillary force in order to consider 
the neck 
Fca- fstat = rrdpy ( 1 - ~:) (3) 
When the droplets are in a region close to the pore diameter, 
the expression considering the neck underestimates the net cap-
illary force, and the correction for this neck static pressure is no 
longer applicable. In such cases it is preferable to use the uncor-
rected expression, Eq. (2). The expression for the drag force is based 
on Stokes's drag expression, with a correction factor (kwJ) to con-
sider the effect of the nearby walls in the motion of a droplet, as 
reported in [21]. For the system reported here kwl is 3.4926 
(4) 
where vis the relative velocity between the drop and the continu-
ous phase and IJcont is the viscosity of the continuous phase 
V = Wrtrans ( 1 - exp (- ~~)) (5) 
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w is the rotation speed of the paddle stirrer, 8 is the boundary layer 
thickness as can be predicted by the Landau-Lifshitz equation 
(6) 
where Pcont is the density of the continuous phase. The transitional 
radius between the free and forced vortex for the stirred system is 
given by the following expression 
D ( D) (b)0·036 Re 
rtrans = 2 . 1.23 0.57 + 0.35. T T ng.tt6 1000 + 1.43Re 
(7) 
where D is the paddle width (3.1 cm), Tis the vessel width (3.5 cm), 
b is the paddle stirrer width (1.2 cm) and nb is the number of blades 
of the paddle. The rotational Reynolds number is 
Re= PcontWD2 (8) 
27fl]cont 
The expression for the velocity considers the boundary layer, Eq. 
(5), at the membrane surface, see Fig. 1(a) and (b) for an illustration 
of the Dispersion Cell and the transitional radius. In Fig. 1 b the 
shear pattern is also represented. The shear on the membrane 
surface increase linearly moving from the centre towards the 
edges, it reaches a maximum at the transitional radius and then it 
decreases exponentially in the forced vortex region. As assumed 
in [5], the annular area corresponding to the transitional radius 
is the most active, from the point of view of droplet generation. 
The higher shear leads to an early detachment of the droplets, 
the pressure in this region is lower, as it is the region with the 
(a) 
(c) 
r 
16.5 
·---zo::s __ ; 
(b) 
(d) 
Fig. 1. Schematic illustration of experimental apparatus and membrane used: (a) 
dispersion cell with simple paddle, (b) shear profile below rotating paddle, (c) 
dimensions of membrane used at the base of the cell, and (d) microscope picture of 
the regular pore array membrane used. 
highest shear, and the oil phase is mainly pushed through this 
part of the membrane. Experiments with only an annular area 
working were performed in [6]. The droplets obtained with a fully 
working membrane and a ring one have the same median size, and 
similar size distribution, indicating that the maximum shear value 
is mainly responsible for the droplet size. The force balance, using 
Eqs. (3) or (2) together with Eq. (4) gives the droplet diameter in 
the absence of any push-off force. 
As noted also by [7,9,18], when droplets are able to touch, and 
they are stable enough not to coalesce, another factor becomes 
important and it has been referred to as the push-off force. This 
was derived previously as [7]: 
1 yrrd~L ·arcs in( Jd~- [6 jd~)(d~- 2L6) 
fpush-off = 2 3/2 (d~- [6) 
yrrd2[1 2v1T'[2 + d ,.. (9) 2(d~-[6)~- 3dd 
where L is the pore spacing. Therefore, when taking into account 
the effect of the adjacent droplets, the force balance to solve is given 
by combining Eqs. (3) or (2), together with (4) and (9) 
Fca - fstat = Fo + fpush-off (10) 
In all the following work Eq. (3)was used in preference to Eq. (2) 
as the drop size was significantly bigger than the pore diameter. The 
existence of drop diameter in so many of the constituent equations 
led to the need for a numerical solution to Eq. (10). For this, Maple 
( vll) was used. 
3. Materials and methods 
The emulsion was obtained by a membrane technique using 
a stirred cell with a flat nickel metal disc membrane under the 
paddle blade stirrer, see Fig. 1, which was supplied by Micropore 
Technologies Ltd. (Loughborough, UK). The two membranes used 
had different distances between the pores of: 80 and 200 ~J.m and 
same pore size of 20 ~J.m. Based on these characteristics, the sur-
face porosity is 5.6% and 0.9%, respectively, and the number of 
pores is more than 788,000 for the first and 126,000 for the latter 
membrane. The discontinuous phase was sunflower oil (food grade 
from a local supermarket). The continuous phase was composed of 
2% Tween 20 (polyoxylethylene sorbitan monolaureate from Fluka, 
UK) in reverse osmosis water (obtained from a Millipore RO unit). 
A total of 10 ml of discontinuous phase was injected through the 
membrane into 150 ml of continuous phase for each test The emul-
sion is obtained by injecting the discontinuous phase through a disc 
membrane with a regular array of pores, see Fig. 1(d), into the con-
tinuous phase, agitated by the paddle blade stirrer which provides 
the shear at the membrane surface. 
Two types of pumps were required to cover the wide range of 
injection rates tested: the syringe pump provided flows as low as 
0.1 ml/min whereas the peristaltic pump was used for the higher 
flow rates. The peristaltic pump was a Watson Marlow model101 
and the syringe pump was a Harvard 11 Plus, Harvard Appara-
tus. Once the desired amount of discontinuous phase had passed 
through the membrane, both the pump and the agitator were 
switched off, the droplets were collected and analyzed. The agi-
tator was driven by a 24 V DC motor and paddle rotation speed 
was controlled by the applied voltage. Stirrer speed settings rang-
ing from 3.4166 to 19.066 Hz (205 to 1144 rpm) (i.e. from 0.5 to 
9 Pa shear stress at the membrane surface) were used. To eval-
uate the drop-size distribution and droplet diameter, a Malvern 
Mastersizer ModelS (Malvern Instruments Ltd., UK) was used. For 
each emulsion, three separate samples and measurements were 
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Fig. 2. Comparison of injection pump type used for dispersed phase using the 
200 11m membrane pore spacing at a dispersed phase injection rate of: (a) 1 ml/min. 
and (b) 8.7 mlfmin. 
performed and the mean average of these is reported, but the differ-
ence between the triplicate samples was insignificant. Bars are used 
on the following graphs to illustrate the triplicate experiments, 
where the lowest and highest position of the bar represents the 
lowest and highest median drop size, or Coefficient of Variation. 
However, in many cases the bars are not clearly visible as the three 
experimental results are so close and the experiments were highly 
reproducible. 
4. Results and discussion 
In this study, there was the need to cover a wide range of injec-
tion rates, thus a preliminary comparison between the peristaltic 
and the syringe pump, used for the discontinuous phase injections, 
was performed. The main difference between these pumps is the 
way in which the fluid flow is induced. A peristaltic pump gives a 
semi-continuous and pulsing flow, whilst a syringe pump gives a 
more continuous and smooth injection. For both pumps the same 
tests were performed over a limited range of flow rates, in order 
to compare the resulting drop size distributions and determine if 
pump type had a significant influence on the results. In Fig. 2 the 
data is presented in terms of median droplet diameter and percent-
age Coefficient ofVariation (CV) for the different systems described 
in the captions, as a function of the peak shear below the stirrer. 
Fig. 2(a) and (b) are for the membrane with pore spacing of200 ~J..m. 
and injection rates of 1 and 8.7 ml/min, respectively. There appears 
to be very little difference between the data from the two different 
types of pumps. The only slight difference is at the low shear stress 
values, where the drop size is large. Even under these conditions the 
agreement between the two sets of data (syringe and peristaltic) is 
reasonable, mainly within 10% of each other. A similar result was 
found when using membrane with a pore spacing of 80 ~J..m. 
These tests justified using the syringe pump for the very low 
injection rates (less than the 1 ml/min illustrated in Fig. 2a) and 
the peristaltic pump for the much higher rates (more than the 
8.7 ml/min illustrated in Fig. 2b) and comparing the results across 
the full injection rate spectrum. 
Fig. 2 also demonstrates the dependence of the droplet size 
with the peak shear stress. As previously shown, the droplet size 
decreases with the increasing shear [11,14,18.22-24]. The shear is 
reported as peak shear since, due to the geometry of the cell, the 
shear at the membrane has a maximum at the transitional radius 
distance, Fig. 1 (b), which has been shown to be the shear appropri-
ate to correlate operating conditions with drop size [ 5]. The droplet 
size is a strong function of shear stress between 0 and 4 Pa, but 
less so at higher shear rates. It is noticeable that the shear stresses 
are low values, compared to many previously reported cross-flow 
membrane emulsifications, due to the relatively large drop size 
formed here and the smooth flat and regular membrane design, 
Fig. 1(d). A shear value between 0.5 and 9 Pa corresponds to lam-
inar flow in most cross-flow membrane systems [22,23]. Often in 
membrane emulsification literature the 'span' of a drop size dis-
tribution is quoted as a measure of the degree of uniformity of a 
distribution. This is based on the difference between the 090 and 
the 010, divided by the 050. The 090 is the drop diameter below 
which 90% of the distribution exists, the 050 is the median diameter 
and 010 is the drop diameter below which 10% of the distribution 
exists. The spans of the data shown in Fig. 2 vary from a maximum 
value of close to 1, to a minimum value of0.5 (or CV • 22%) under the 
condition of80 I m-2 h-1 dispersed phase flux at 3.6Pa when using 
a 200 11-m pore distance. Span values of monosized drops found in 
literature, for comparison, include: using an a-alumina membrane 
span ranges from 0.42 to 0.52, for a transmembrane pressure range 
of60-170 kPa [23 ], and using an SPG membrane span goes from 0.27 
to 0.52 for a transmembrane pressure range of 1.9-5.7 Pa [24,25]. 
The presence of a push-off force in membrane emulsification 
has already been noted in the literature [8,10,18]. It was reported 
that, increasing the flux of dispersed phase, the droplet diameter 
increases up to a point where the droplet formation at one pore is 
affected by the presence of other droplets forming at the adjacent 
pores. This causes the droplets to detach sooner at high dispersed 
phase injection rates, resulting in smaller diameter and more uni-
form droplets size. Fig. 3 shows the influence of the dispersed phase 
flux on the droplet size in the range between 30 and 2640 I m-2 h-1 
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Fig. 4. Comparison of measured median drop size with shear-capillary force model 
for 200 IJ.m pore spaced membrane at various agitation rates. 
for the membrane with the 200 1-Lm pore spacing. The shear stress at 
the membrane surface was 3.6 and 8.9 Pa. The Coefficient of Varia-
tion is lowest at low injection rate. but increases with injection rate 
and the drop median size increases with flux rate. Moreover, the 
drop diameter obtained at shear stress of 8.9 Pa is lower than the 
drop diameter obtained with3.6 Pain agreement with the literature 
[2.16] and what shown in Fig. 2. Hence, in the case of the 200 !J.m 
spacing between the pores, it appears that there is no evidence to 
suggest that a push-off force exists. 
Fig. 4 shows the influence of the shear stress on the membrane 
surface on the droplet size over the full range of the experiments. 
The solid curve on the figure represents the shear-capillary force 
model without the inclusion of the push-off force. The shear-
capillary model does not recognise the dispersed phase flux rate 
as having a contribution to the formed drop size and it is notice-
able that the experiments with increasing injection rate diverge 
further and further away from the model prediction. So, at very 
low dispersed phase flux the model is in very good agreement with 
the measured values for median drop size. Thus, it is possible to 
hypothesise that, in the absence of a significant push-off force, the 
shear-capillary model represents the smallest drop size that should 
be produced for a given set of operating conditions. However, by 
increasing the dispersed phase flux it is possible to increase the 
drop size formed. Thus, the model represents the lower limit of 
drop size produced and increasing the flux provides higher drop 
diameters, but with a decrease in the degree of uniformity of the 
drops; as illustrated in Fig. 3. The droplet size increase with dis-
persed phase flux can be explained by assuming a constant drop 
formation time, prior to detachment [20]. Hence, the increase of 
discontinuous phase flux results in an increase in droplet volume 
prior to detachment, and the formation of larger droplets. 
In contrast. when using a membrane with a much lower pore 
spacing, it is possible to observe a different behaviour from the one 
above. Fig. 5 illustrates the drop size when using an 80 !J.m pore 
spaced membrane and for comparison the 200 !J.m pore spaced 
membrane, both operated at a shear stress of 3.6 Pa peak shear 
stress. The 80 11m pore spaced membrane does not show continuing 
increase in median drop size with increasing dispersed phase flux, 
when above injection rates of 1000 I m-2 h-1, whereas the greater 
pore spaced membrane does. 
lt is hypothesised that with the 80 !J.m pore spaced membrane, 
at a discontinuous phase flux of 1000 I m-2 h-1• most of the pores 
are active and the drops touch each other regularly and the push-off 
force facilitates the formation of consistent drops at the mem-
brane surface. Hence, this force limits the otherwise to be expected 
increase in drop size with increasing injection rate and very signif-
~ 160r----------------------------------r50 I:: ~----· :: 
.8 100 ?--:/ 35 ';!!. 
§ _ /.----0--c---~ 30 > ~oo ~u 
,g 
Gl 60 N 
'iii 
c: 40 
ea 
:c 
Gl 20 
:E 
0 
~--- 20 
.... size, 200 11 m 
.... size, 80 ~·m 
..... cv.2001•m 
.... CV, 801un 
15 
10 
0 
~----~----------------000-----2~5~00~~30005 
500 1000 1500 2 
Dispersed phase flux, I m" h''. 
Fig. 5. Variation of droplet size and distribution with injection rate for 80 and 
200 IJ.ffi pore spaced membrane at 3.6 Pa peak shear at membrane. 
icantly reduces the Coefficient of Variation, which is seen to fall to 
less than 10% with this membrane. 
The drops formed using the 80 IJ.m pore spaced membrane, and 
a range of peak shears, are illustrated in Fig. 6 where microscope 
images are shown. The figures include a 100 1-Lm scale bar in the 
bottom right hand corner of each image, and the drop sizes and 
uniformity appear to be in line with the results provided by the 
Malvern Mastersizer, and the highly uniform drops obtained by the 
3.6 Pa peak shear stress are visible. 
Fig. 7 illustrates the data obtained with the 80 1-Lm pore spaced 
membrane, as both functions of peak shear stress at the mem-
brane surface and increasing dispersed phase injection rate. The 
drop diameters show evidence of a strong dependency on the shear 
stress at the membrane surface when the injection rate is low: drop 
diameter decreasing with increasing shear stress. Also, at 0.5 Pa 
shear stress, the drop size steadily decreases with increasing flux, 
a consequence of push-off occurring. At 1.2 and 1.7 Pa, the drop 
size initially increases, but after reaching a maximum drop size, it 
decreases with a further increase in flux. No decrease in size with 
flux rate is observed for the 3.6 Pa shear system, but this could be 
because the maximum has not yet been reached when operating 
at this higher shear stress. Fig. 7 shows that the effect of push-off 
force on the median drop size becomes less and less dominant, as 
(a) (b) 
H. 
100 microns 
100 microns 100 microns 
Fig. G. Optical microscope images of drops formed with 80 IJ.m pore spacing mem-
brane and: (a) 2V agitation (3.5 Hz (210rpm))-0.5 Pa peak shear at membra?e; !bl 
JV agitation (5.6Hz (340rpm)-1.2Pa peak shear at membrane; (c) 4V agttatton 
(6.833Hz (410rpm))-1.7Pa peak shear at membrane; (d) 6V agitation (10.833Hz 
(650 rpm))-3.6 Pa peak shear at membrane. 
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Fig. 7. Measured median drop sizes with injection rate for 80 11-m pore spacing mem-
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left-side: shear-capillary and right-side: shear-capillary-push-off forces. 
shear stress increases from 0.5 to 3.6 Pa. lt is noticeable that at low 
dispersed phase flux. the experimental drop diameters tend to val-
ues obtained with the model without push-off, whilst at high flux 
the experimental diameter drops tend to the diameter obtained 
with push-off included in the model. At a low injection rates the 
capillary-shear model is assumed to be valid and at high injec-
tion rate the capillary-shear-push-off model is assumed to be more 
appropriate and the values predicted by these models are included 
on the figure. These are indicated by bold and short horizontal lines, 
for each of the shear stresses used, on the left and right side of the 
figure. It is noticeable that the data, at different dispersed phase 
fluxes, fits very well within the two limits as illustrated in Fig. 7 for 
the low shear tests. So, for the very low injection rate the drop size 
with a shear of 0.5 Pa is predicted to be 220 f1m, and at high injec-
tion rate the prediction is 100 IJ.m. The measured data varies from 
190 to 130 IJ.m. For the highest shear stress, 3.6 Pa, the predicted 
drop size at low injection rate is 85 11m and the measured size at 
the lowest injection rate is 100 IJ.m. 
At higher injection rates the observed drop size increases, for the 
reasons discussed above relating to constant drop formation time. 
However. the drop size increase slows as the push-off force comes 
in to effect. The predicted drop size at very high injection rate, with 
push-offfully acting, is 80 IJ.m, but the practical injection rate never 
reaches this limit. In this case, the data does not fit between these 
two limits because of the influence of drop growth with increasing 
injection rate-which neither model (capillary-shear or capillary-
shear-push-off) recognises. However, at the limits: very low and 
very high injection rate, the models appear to provide a reasonable 
estimate of drop size, but further work is required to include the 
influence of injection rate-most likely based on the assumption of 
a fixed drop formation time. 
5. Conclusions 
Using a flat disc regular array membrane with pores 20 11m 
in diameter, and a simple paddle stirrer to create shear at the 
surface of the membrane, it has been possible to produce very 
monosized drops of oil in water within the range of pore spac-
ing between 200 and 80 f1m. The method for injecting oil through 
the hydrophilic membrane was a pump and two different types 
were used: a syringe pump for the very low injection rates and a 
peristaltic pump for the high injection rates. For a limited range 
of intermediate injection rates data is available for both types of 
pumps. There appeared to be no difference in the resulting drop size 
distribution, or the degree to which the drops could be described 
as mono sized using either pump. This is a surprising result, as it is 
commonly believed that the dispersed phase in membrane emul-
sification should be injected using a smooth non-pulsing method 
such as a pressurised vessel, or syringe pump. A peristaltic pump is 
not normally recommended for this duty, as they inherently pulse 
the liquid flow. 
The effect of the push-off force to assist in the detachment 
of drops from the membrane surface, together with shear at the 
membrane surface was studied. Using the 200 11m pore spaced 
membrane, the droplet size increased with the injection rate and 
decreased with the agitation speed (surface shear at the mem-
brane). Monosize emulsions were only obtained at low flux, with 
the lowest Coefficient ofVariation being 18%. Using the 80 11m pore 
spacing membrane the point at which the drop size distribution 
was at its narrowest, Coefficient of Variation of less than 10%, was 
formed away from low injection flux rates. Moving to higher agita-
tion speeds, the minimum moves towards higher injections rates. 
At low shear stress, it is noticed that an increase in discontinuous 
phase flux, gives rise to a decrease in the droplet size. This effect is 
due to the push-off force, which for the purpose of drop size mod-
elling is added to the shear-drag and opposes the capillary force 
during the detachment phase, and it is an important effect in the 
force balance under these conditions. This effect is ·dominant at 
the membrane surface at low shear stress, with a short distance 
between the membrane pores, and depends on the interaction of 
the drops when they are formed, provided there is an absence of 
droplet coalescence. 
The membrane with a large distance between the pores, 
200 IJ.m, showed little push-off effect, and the capillary-shear 
model reliably predicted the drop size at low dispersed phase injec-
tion rates. At increasing rates the drop size increased, which is a 
consequence of a constant drop formation time; hence larger drops 
are formed at higher injection rates. Thus, the capillary-shear model 
may be regarded as predicting the lower limit for drop size under 
these conditions and measured drop size may be greater. For the 
membrane with a shorter distance between the pores, 80 f1m, the 
capillary-shear-push-off force model appeared to predict the drop 
size, or at least the measured drop sizes were tending towards the 
predicted values at very high injection rates. However, there was 
still a very significant influence on the measured drop sizes by the 
size increasing with dispersed phase injection rate. 
This study illustrates some of the different mechanisms and phe-
nomena taking place during membrane emulsification and shows 
that under certain circumstances drop size will increase with dis-
persed phase flux, whereas under other circumstances drop size 
may reduce. It is possible to explain these trends of drop size and 
to reasonably accurately model the values under conditions of low 
injection rate and, arguably, very high injection rate. It is possible 
that the push-off force has not received much attention before as 
the phenomena is more prevalent on regular pore spaced mem-
branes, which have only recently become available, than when 
using the matrix type of membranes, such as ceramic and SPG types. 
When using the latter membrane types the injected flux rate is 
usually very significantly less than with the regular pore spaced 
membranes. Hence, the likelihood of encountering push-off condi-
tions is increasing as regular pore spaced membranes become more 
common. 
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